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Semiconductor nanocrystals are interesting canesdas new light-absorbing
materials for photovoltaic (PV) devices. They t@ndispersed in solvents and cheaply
deposited at low-temperature on various substratdtso, the nanocrystals have unique
optical properties depending on their size dudéoquantum size effect and moreover it
is easy to uniformly control their stoichiometryCdTe/CdSe/CdTe heterostructure
nanorods and I-11I-\A nanocrystals were selected to synthesize andtigeds in order
to utilize the benefits of colloidal nanocrystaésdribed above.

Colloidal nanorods with linear CdTe/CdSe/CdTe hmgterctions were
synthesized by sequential reactant injection. rAflelTe deposition at the ends of
initially formed CdSe nanorods, continued heatinmg solution leads to Se-Te
interdiffusion across the heterojunctions and xadace to decreased aspect ratio. The
Se-Te interdiffusion rates were measured by mapfimeg composition profile using
nanobeam energy dispersive X-ray spectroscopy (EDSJhe rate of nanorod
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coalescence was also measured and compared to predidtions using a continuum
viscous flow model.

The synthetic method of monodisperse chalcopyritetragonal) CulnSe
nanocrystals was also developed. The nanocryséais trigonal pyramidal shape with
one polar and three non-polar surface facets. Wiiep-cast onto carbon substrates,
the nanocrystals self-assemble into close-packednotagers with triangular
(honeycomb) lattice structure. Moreover, the dffifcexcess Cu precursor (CuCl) was
studied for the formation of monodisperse trigopgtamidal CulnSg nanocrystals.
The formation mechanism of monodisperse trigonapydal CulnSgnanocrystals was
suggested with regard to excess amount of CuClupec, based on the nucleation-
growth model of colloidal nanocrystal formation.

A new wurtzite phase of CulaSCulnSe, and Cu(lnGax)Se (CIGS) was
observed in nanocrystals synthesized by heatinglmpe¢cursors and Se-(or S-)urea in
alkylamine. X-ray diffraction (XRD) showed the dmminant phase to be wurtzite
(hexagonal) instead of chalcopyrite (tetragonaligh resolution transmission electron
microscopy (TEM), however, revealed polytypism e nhanocrystals, with the wurtzite

phase interfaced with significant chalcopyrite domsa
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Figure 2.1.

Figure 2.2.

Figure 2.3.

List of Figures

TEM images of (a) CdSe nanorods prior to CdTeod#ion, and
CdTe/CdSe/CdTe heterojunction nanorods (b) immelyiatiter CdTe
deposition and then after remaining in solutioB@Q°C for (c) 10 min,
(d)21 hr,(e) 7hrand (f) 30 NI 16

Histograms of length and diameter of (a) CdSeras and the
CdTe/CdSe/CdTe heterojunction nanorods after (bairCdTe
deposition and then stirring in solution at 300f6C(c) 10 min, (d) 1 hr,
() 7 hr,and (f) 30 hr. The nanorod dimensioneevaetermined from
TEM images. The histograms correspond to the mahsamples
Imaged IN FIQUIE 2.1 ... 19

X-ray diffraction (XRD) of (a) CdSe nanorods prio CdTe addition
and CdTe/CdSe/CdTe heterojunction nanorods (b) inetedy
following CdTe deposition and after aging in sadatat 300 °C for (c)
10min, (d) 1 hr, (e) 7 hr, and (f) 30 hr. The lwleaed peaks in the
range of ® = 40~50 ° in (c) result from the beginning of Te/S

interdiffusion. The XRD pattern (f) correspond93dSe 4Tep s alloy
with hexagonal crystal structured,,, =3.66 A, d,,, =2.24 A, giving

Acgsere,, =448 A, Coysere, . =7.3 A, which corresponds to the lattice

parameters expected for CAPEE06. ......covvvvrrrrreeirieeeeieciiivieeieeeeeenn 20

Xiii



Figure 2.4.

Figure 2.5.

(@) Length, (b) radius, (c) aspect ratio, andvf@yime of
CdTe/CdSe/CdTe heterojunction nanorods (deternfioed TEM
measurements) aged in solution at8Q0 These samples correspond to
the nanorods imaged in Figure 1. The trianglesespond to the CdSe
nanorods before CdTe deposition and the arrowsatelithe change in
dimensions immediately after Te-TOP addition tordsction mixture.
The dotted line in (c) corresponds to the aspédict cd sphere (= 1).

The (d) volume was estimated from the measuredisaahd length

assuming a cylindrical geometryol = zR’L (R: radius,L: length)..

TEM images of CdTe/CdSe/CdTe heterojunction nas®aged after
purifying the as-formed CdTe/CdSe/CdTe nanorods poi aging in
solution at 308C: (a) CdSe nanorods prior to CdTe deposition; (b)
CdTe/CdSe/CdTe nanorods immediately after CdTe slepo; after
redispersing the CdTe/CdSe/CdTe nanorods &C3afr (c) 10 min, (d)
1hr,(e) 7 hr,and (f) 30 NI e 22
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Figure 2.6.

Figure 2.7.

(@) Length, (b) radius, (c) aspect ratio, andvf@yime of
CdTe/CdSe/CdTe heterojunction nanorods (deternfioed TEM
measurements; representative images shown in Fgby@aged in
solution at 308C. These nanorods were subjected to a purificatiep
immediately after the addition of the Te-TOP reatta try to remove
unreacted precursor. The triangles corresponidet@tdSe nanorods
before CdTe deposition and the arrows indicateti@ge in
dimensions immediately after Te-TOP addition tordsction mixture.
The dotted line in (c) corresponds to the aspédict cd sphere (= 1).
The (d) volume was estimated from the measuredisaahd length

assuming a cylindrical geometryol = 7R’L (R: radius,L: length).

XRD of the coalesced nanorods imaged by TEM gufa 2.5f, which
have been aged in solution at 30dor 30 hr after an initial purification
step. The lattice constantsaf 4.4 A andc = 7.26 A determined
from the (002) and (110) peak positiors,,, =3.63 Aandd,;, =
2.20 A correspond to a final alloy composition @fS® 4sT €52 Which

is consistent with the volume change measured ktte@ in Figure 2.6.
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Figure 2.8.

Figure 2.9.

Corrected (a, ¢) length and (b, d) radius veagjisg time (solid dots) in
TOP/TOPO solution at 368G and model predictions using Eqns (2.1)
and (2.2) (solid, dashed and dotted lines). Thea iha(a) and (b)
correspond to the nanorod samples imaged in FRydrand the data in
(c) and (d) correspond to the “purified” nanorochpées imaged in
Figure 2.5. The dashed and dotted curves in éaelplots of Eqns
(2.1) and (2.2) calculated using Eqgns (2.3) andl)(2espectively to

determine . Using bulk values dd, o, Q,, a,, and averaged
values ofR, gave o/ =96 nm/hr (dashed curves) using Egn (2.3) and
o/n=6.4 nm/hr (dotted curves in (a) and (b)) aad;=4.2 nm/hr

(dotted curves in (c) and (d)) using Eqgn (2.4). e Bblid curves are the
best fits of Eqns (2.1) and (2.2) to the data. Hdwezontal dotted lines
indicate the nanorod lengths and radii for sphépedicles with the

same volume as the starting nanorods (i.e., tlaé lfmiting condition
when the aspect ratio equals 1).......ccceceeeeeiniiiieeeeiee e 27

Se and Te interdiffusion at the CdSe/CdTe inteddeads to
transformation of CdTe/CdSe/CdTe heterojunctionomnaas into

alloyed CdSeTe nanoparticles. ............ooeeemmiiieeieniiieeeieeenn 28
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Figure 2.10. Cd, Se, and Te composition profiles measureddmpheam EDS
down the length of individual CdTe/CdSe/CdTe hetetxture
nanorods: (a) immediately after CdTe depositioth@tends of the CdSe
nanorods, and after aging in solution at 300 °Glpa0min, (c) 1 hr,
(d) 7 hr, and (e) 30 hr. (Insets) Dark-field SThivages of the
corresponding nanorods. The arrow indicates tieedcan direction.
The undulations in the concentration profiles reom slight
fluctuations in nanorod diameter along the nandeodth. ............ 29

Figure 2.11. Nanobeam EDS maps of Te for four different naderafter different
aging times, illustratingow the diffusion lengths were determined.
The average nanorod length decreased over timedbeir
coalescence, so the Te profiles are shown onlpatead of the
nanorods. However, to estimate the average diffulgingth with
aging time, both ends of the nanorods were examinédter 7 hr of
aging, the Te and Se concentration profiles beaamferm (with the
exception of a small amount of residual Te depasisit the ends of the
nanorods, as discussed above) and the diffusigthsnere estimated

as half the nanorod length. ... 30
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Figure 2.12. Te/Cd @) and Se/Cd (0) stoichiometry determined from EDpping
data as a function of position along the lengtfoaf nanorods isolated
after the aging times indicated in the plot. Theves are offset in the
vertical direction. The arrows indicate the Teedygthe nanorods.
The Te present in the mid-section of the nanorsdisa result of
sidewall deposition. After 7 hours of aging, thednd Se
compositions are uniform along the lengths of thearods with a slight
excess of Te relative to Se, which is consistetit XRD data and
results from continued Te deposition from residaaktant as the
nanorods are aged in solution. Note that the caitipos at the ends
of the nanorods exhibit a significant amount ott®raand in some cases
deviate above 1 or below 0 as a result of theivelgtsmall
measurement signals as the diameter narrows apatgtie ends of the
NANOTOUS. ... eie e e et mmemm e e e sabbe e e e e s sanbe e e e e sanneeee e 31

Figure 2.13. Plot of the square of the T&fusion length measured by EDS
mapping versus aging timeD estimated from a linear fit of the data to
Eqn (2.5) is 1.5 x 18 cnf/sec. (Each point on the plot is a diffusion
length averaged for four different nanorods—as shwFigures 2.11

AN 2.02.) e e e 32
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Figure 2.14. (a) High-resolution TEM image of a CdTe/CdSe/Cti&erojunction
nanorod. (c) FFTs of the regions of the nanordtirad by the
squares in (b) from top left to bottom right. Tdwne axis in (b) is
[2110]. The nanorod is elongated in the [002]ation. (d)-(f)
Higher magnification of the second, fourth, andrsixFTs in (c). (d)
and (f) match the expected diffraction patternsddife and CdSe,
respectively, and the diffraction spots in (e) slightly broadened
compared to a pure sum of spots of CdTe and CdBeattive of the

existence of different lattice spacings made bgistat the interface...

Figure 3.1. Reaction scheme for CulnSeanocrystal synthesis. ...................... 38

Figure 3.2. TEM images of CulnSenanocrystals from two different reactions:
Samples (a) and (c) were made using selenoureaSidRiEM and (b)
and (d) were made with selenourea from ACROS. ridmocrystals in
(a) and (c) have an average length of 16.1 nm orstdes and 16.9 nm
on the other side and the nanocrystals in (b) dhtigve an average
length of 16.4 nm on two sides and 17.5 nm on theraside. The
inset in (d) shows a fast Fourier transform (FFTthe region of (d),
revealing the positional order of nanocrystalshim tnonolayer......40

Figure 3.3. High resolution TEM images of CulnSeanocrystals. The inset in (a)
is an FFT of the TEM image, which indexes to chajcite (tetragonal)
CulnSe. The measured-spacings of 3.35 A and 2.05 A correspond to
the {112} and {220} lattice planes of bulk tetragdrCulnSe of 3.351
A and 2.046 A(JCPDS Card No. 40-1487). .....cccoeveueueereeerenenne. 41
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Figure 3.4. (a) XRD ¢ = 1.54 A) and (b) EDS of Culngeanocrystals. The
diffraction pattern indexes to chalcopyrite (tetragl) CulnSe (JCPDS
Card No. 40-1487). The breadth of the XRD peak®issistent with
the nanoscale particle size observed by TEM. TDb8 5 consistent
with CulnSe. The insetin (b) is an HRTEM image of the nagstal
measured by EDS. In the EDS data, the Ni, C argiigBals are from
the nickel grid, the carbon support and the baakgsan the TEM.
XRD was performed with (~200m thick nanocrystal films on quartz
substrates using a Bruker-Nonius D8 Advance powd&actometer
with Cu Ko radiation § = 1.54 A). Diffraction patterns were obtained
at a scan rate of 12 deg / min in 0.01 deg incrésfen 12 hr, rotating
the sample at 15 deg / Min. ... 42
Figure 3.5. Room temperature UV-visible absorbance spectra ofically clear
dispersion of CulnSenanocrystals in chloroform. The spectra were
collected on a Varian Cary 5000 Scan spectrophagme........... 43
Figure 3.6. TEM images of CulnSenanocrystals after dispersing in chloroform at
room temperature with excess oleylamine for (aqy, ) 9 days and
(c,d) 13 days. The shape of the etched nanocsyistabnsistent with a
pyramidal SNAPE. ...........oooveeieeeceeeee e 44
Figure 3.7. TEM images of CulnSananocrystals after being stored in chloroform

with varying amounts of excess oleylamine, as diesdrabove. ...46
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Figure 3.8. (a,b) TEM images of Culngeanocrystal monolayers. White dots
located at the center of the nanocrystals (a,lp teelllustrate the
honeycomb structure of the monolayer in (c,d). iAsets in (c) and
(d) are FFTs of (a) and (b): the spot patternsaktyee positional order
of particles in the monolayer of (a) and (D). wceeeeereevveeeeiiiieree 48

Figure 3.9. SEM image of CulnSenanocrystals on a Si@oated Si substrate.
The image was acquired with a Zeiss Supra 40 VP &E\working
voltage of 10 kV and working distance of 8 mm.........................49

Figure 3.10. Crystallographic models of a CulnSe&nocrystal with trigonal
pyramidal shape (a) viewed down the [114] zone likesthe
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Figure 4.1. TEM images of nanocrystals synthesized usinguhfit amounts of
excess CuCl: (a) 0 %, (b) 15 %, (c) 30 %, (d) 45653 %, (f) 60 %,
and (g) 75 %. All particle dimensions are measwamd shown in
Figure 4.3. Itis shown that the highest monodsipeoccurred with

45 % excess CuCl into a reaction solution.. ceeeeeecvvvveveeeeeneeenn.. 57

XXi



Figure 4.2. Plots of (a) average patrticle size, (b) relaitendard deviation of size,
and (c) percentage of shapes versus amount ofeKeesl. (a)
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Figure 4.3. Size histograms of nanocrystals synthesized udiffeyent amounts of
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Figure 4.4. (a,b) XRD and (c) EDS of the nanocrystals syn#eesusing different
amounts of excess CuCIl. The stick patterns folcoparite
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different amounts of excess CuCl. The absorptages until ~45 %
correspond to an optical gap of 1 eV (bulk Cuk)S®owever, the broad

absorbance peaks of +60 % and +75 % indicate tiseeaxe of CpSe.
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Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

TEM images of Culngnanodisks. The dimensions are 13.4 +1.6 nm
(diameter) and 5.7 = 0.6 nm (thickness). The rem ov(a) highlights a
region of nanodisks oriented on their sides andrttage in (c) shows
many nanodisks on their sides. ... 68

SEM images of Culnhanodisks on silicon substrates coated with
either (a,b) native oxide or (c,d) silicon nitri¢f&isN4). In these two
cases, the orientation of the nanodisks is diffeogérthe substrates,
resting either on their faces as in (a) and (lrotheir sides as in (c)
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XRD and (b) EDS of Culnfhanodisks. The stick patterns for
wurtzite Culngshown in (a) were calculated with the CaRIne
Crystallography 3.1 program using the followindite parameters:
space grou, P63mc (No. 186) and unit cell dimerssaonb = 3.897(3)

A, c=6.441(0) A} The Ni, C and Si signals in the EDS data are from
the nickel grid, the carbon support and the baakgdan the TEM....

Room temperature UV-vis absorbance spectra op#inally clear
dispersion of CulngSnanocrystals in chloroform. The absorption edge
corresponds to an optical gap of 1.53 eV, whidatoissistent with bulk
CUINS . oot a e 71

Comparison of an experimental XRD pattern withesal other
possible crystal phases. The colored and dashesl firovide
references for the wurtzite and chalcopyrite Culpl¥ases. The red

asterisk indicates a peak corresponding to the){zdiffraction peak.



Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

TEM images of CulngSnanodisks with two different orientations on the
substrate: (a) lying flat and (b) standing on edgehe FFTs are
consistent with wurtzite CulnSthe (100) spots do not appear in the
chalcopyrite structure. (c) lllustration of theystiallographic
orientation of the nanodisks based on TEM imadesthose in (a) and
(o) TP 75

(a) HRTEM image of the Culn®anocrystal with [-120] zone axis and
(b) FFT of the red square area in (a). The FFWwshaultiple
diffraction spots (indicated by yellow arrows) frarhalcopyrite
structure at the lower part. (c) A crystal modedwing the {-120}
wurtzite plane and its equivalent {0-24} chalcopgrmplane. The
crystal models were generated using Materials Stadd the angles
between lattice planes were calculated by CaRlysté@ltography 3.1
program. (d) Magnified image of the region bordebg the red square
in (a) with the same scale as the simulated cryst@). (“w” and “ch”
indicate wurtzite and chalcopyrite, respectively.)-.........cccocueeee.. 76

HRTEM images of Culnfhanodisks oriented on their sides, exhibiting
wurtzite-chalcopyrite polytypISM........coooiiiiiiiiiie e, 77

FFTs generated from a TEM image of a Culn&odisk at the
different regions of the crystal outlined in redl'he additional spots in
the FFT arise from the crystalline chalcopyrite @m([0-24] zone

axis), indicated by yellow arrows under the wugzibmaina. ....... 78

Figure 5.10. TEM images of wurtzite Culn$ianodisks synthesized using

Cu(acagyin place of CuCl. The average diameteris 11.5.nn79
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Figure 5.11. HRTEM images of Culnfhanodisks synthesized using Cu(agac)

place of CuCIl. The nanodisks exhibit wurtzite-cloglyrite
polytypism, but the chalcopyrite domains are mageiicant in these

nanodisks, as also confirmed by XRD .......cccoeeeeiiinniiiiniiienen. 80

Figure 5.12. XRD of Culn$ nanodisks synthesized using either CuCl (blackejur

Figure 6.1.
Figure 6.2.

Figure 6.3.

Figure 6.4.

or Cu(acacg)(pink curve) as the Cu source. The slight diffeesm
relative peak intensities of the two samples inmisdhat the nanodisks
made with Cu(acagpre slightly richer in chalcopyrite content...1.8
Reaction scheme for wurtzite Culp®@nocrystal synthesis......... 86
TEM images of (a, ¢) Culngand (b, d) CulpnsGay 2Se hanocrystals.
The CulnSenanocrystals were shaped like disks, with avedigmeter
of 16.7 nm and thickness of 9.4 nm. The GYB® >Se nanocrystals
had a tapered bullet shape with average dimensibhs.3 nm (short
side) and 16.9 nm (IoNg SIdE).........oeiiiiiecmeiie e 87
TEM images of CulnSananocrystals viewed with the substrate at

different tilt angles. The nanodisks circled indlre oriented on their

Atomic ratios of (a) CulnSg(b) Culn Ga Se, and (c)

Culng 6Gay 4sSe nanocrystals measured by EDS. Averaged ratios ove
several nanocrystals are nearly (a) Cu:ln:Se=1(h)2,
Cu:ln:Ga:Se=1:0.8:0.2:2, and (c) Cu:ln:Ga:Se=100462, respectively.
The Ni, C and Si signals are from the nickel gtind, carbon support and

the background in the TEM. ... 89
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Figure 6.5.

Figure 6.6.

Figure 6.7.
Figure 6.8.

Figure 6.9.

Room temperature UV-vis-NIR absorbance spect@uihSe and
Culny §Gay 2Se nanocrystals dispersed in chloroform. The abswmpt

edges correspond to optical gaps of 1.04 and N]18espectively....

XRD of (a) CulnSg (b) Culn Gay .Se, and (c) CulaGay.sSe
nanocrystals. The stick patterns for wurtzite Ggrshown were
calculated with the CaRIne Crystallography 3.1 paogwith space
group, P63mc (No. 186) and unit cell dimensiarsb = 4.085(8) Ac
=6.676(5) A). (Inset) Magnification of the (002¢aks compared to
the expected peak positions based on Vegard's s$avgu 12 peak
positions of chalcopyrite Culns€CPDS#00-040-1487) and
Culny G 3Se (JCPDS#00-035-1102). ...cvvieeeeeeee e eeeeee e 91

TEM image of CulaeGa 4Se nanocrystals. ........cccceeevvvieiieniiineenn. 92

HRTEM images and associated Fast Fourier tramsf¢FFTs) of (a-c)
CulnSe nanodisks and (d) CugGa ;Se nanocrystals. (a) and (b)
show CuInSgnanodisks with two different orientations on tkstrate.
(c) and (d) showed HRTEM images and FFTs with [}}2fbne axis of
CulnSe and Culp sGa 2Se nanocrystals, respectively. The FFT
shows multiple diffraction spots, where yellow aveoindicated
chalcopyrite structure at the lower parts of bottd pink arrows
revealed twinning structure at the middle part afrfgsGa .Se
nanocrystals. (“W”, “C”, and “T” indicate wurtzitehalcopyrite, and
twinNing, reSPecCtiVEIY.). ..cooo i 94

HRTEM images revealing polytypism of wurtzite 88k nanodisks.
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Chapter 1: Introduction

1.1HETEROJUNCTION NANOSTRUCTURES

Colloidal chemical routes can be used to synthes&atively complicated
heterojunction nanostructures, such as multiplentuna well quantum dots with onion-
like shell structure$? linear heterojunctions in quantum-size rddsand branched
structures like tetrapods’'' and even superlattice quantum wells with oscillti
composition along the lengths of nanowités.Heterojunctions create built-in electric
fields that deplete or accumulate electrons and<alithin the nanostructure, which is
potentially useful for optoelectronic technologidike light-emitting diodes?
photovoltaics? and optical sensofs. The large surface area-to-volume ratio of
colloidal nanocrystals and nanorods helps relidv&rs at epitaxial interfaces between
materials with large lattice mismatches to allewidite formation of extended defett§:

18 These interfaces, however, can restructure iatively short times with atomic
interdiffusion across the heterojunctidis.” ! Furthermore, non-spherical
nanocrystals can coalesce into sphéféé** The dynamics of these processes requires
further study and better understanding.

In Chapter 2, the rates of heterojunction inteuditbn and coalescence of
CdTe/CdSe/CdTe nanorods are reported and compamddel predictions. Colloidal
nanorods with linear CdTe/CdSe/CdTe heterojunctioase synthesized by sequential
reactant injection. After CdTe deposition at the®of initially formed CdSe nanorods,
continued heating in solution leads to Se-Te intieision across the heterojunctions and
coalescence to decreased aspect ratio. The rateamdrod coalescence was also

measured and compared to model predictions ustagiénuum viscous flow model.



1.21-111-V1 > NANOCRYSTALS

Semiconductor nanocrystals are being considerednes light-absorbing
materials for photovoltaic devices (PV8F® For lower cost PV manufacture,
nanocrystals could be synthesized in large quasatéind then dispersed in solvents for
low-temperature deposition on various substratedyding plastic3® The nanocrystals
could also be deposited within the pores of nanmpoisubstrates, such as microporous
TiO; films®2 or forests of ZnO nanowiréd,or combined with polymers to make hybrid
light-absorbing layer8 Quantum-size nanocrystals have the interestirsgipitity of
multiexciton generation for harvesting short waagkh light in single junction solar
cells for improved efficiencie€®® Many nanocrystal materials suitable for PVs have
been synthesized, including Cd¥e, PbSe®>** Ge"*® and Si*°*° which have optical
gaps at the red edge of the solar spectrum.

The ternary I-1ll-Vb chalcopyrite materials like Culngeor CulnS are
particularly interesting candidates for PVs. Thasaterials have band gap energies
near the red edge of the visible spectrum, highcapabsorption coefficients, durable
photostability, and when deposited by vapor-phasgées have been used to achieve high
efficiency (>10%) PV4}*? However, there have been only a few exampleshef t
nanocrystal synthesis of CulnSend other I-1ll-VL chalcopyrite compounds in
solution?®**° Very recently, solvent dispersions, or “inks”,ranocrystals of ternary |-
l1I-VI , compounds have been developed and applied toegrid flexible PV&“>®
Since the power conversion efficiencies have betatively low (<5%)" > part of the
challenge facing these efforts has been the needbddter synthetic methods for

nanocrystals the desired I-IlI-Y€ompound.



1.2.1 CulnSe nanocrystals

In general, reported syntheses of Cul®@nocrystals have suffered from
relatively broad size distributions, compositiondamphase impurities, and poor
dispersibility. Very recently, Allen and Bawertidemonstrated Cu-In-Se nanocrystal
synthesis with very good size control, but onlyoe@d the ordered vacancy chalcopyrite
compounds, CulSe;, CulnsSe, and CulaSe and not the synthesis of stoichiometric
CulnSe. In Chapter 3, the synthesis of monodispersajtisolstable chalcopyrite
CulnSe nanocrystals is reported. The nanocrystals aneodhieperse, phase pure, and
exhibit a trigonal pyramidal shape. When drop-aastcarbon substrates, they self-

assemble into close-packed monolayers with longednangular order.
1.2.2 Monodisperse nanocrystals

Monodisperse nanocrystals are of tremendous impoetdor future generation
applications since electrical, magnetic, and optigeperties of nanocrystals vary
depending on their size, shape, and compositionThe colloidal synthesis of
monodisperse nanocrystals have been explored fal,meetal oxide, and semiconductor
materials with various sizes and shapé8. Several research groups investigated the
reaction mechanism for the synthesis of monodigpaenopatrticles, and they in large
attributed it to burst nucleation and separateavijr6®®* Although the nucleation and
growth mechanism for the formation of monodisperaropatrticles is still under study, it
is known that it is influenced by diverse variablesch as reaction condition
(temperature, time, and sequence), kind of precwasd capping ligand, precursor and
monomer concentration, and reactivity among thectesdis. Recently, our group
reported a synthesis of monodisperse trigonal pglainCulnSe nanocrystals, and the
precise synthetic ways, reaction temperature, dwoite of oleylamine were considered

as critical factors to make monodisperse Cujnm@mocrystal§> However, more study



was needed on the factors to influence the monedi#y such as precursor
concentration related to reaction kinetics. In @ba 4, the effect of excess CuCl

precursor is discussed on the monodispersity gdtial pyramidal CulnSenanocrystals.

1.3WURTZITE -TYPE NANOCRYSTALS

1.3.1 Wurtzite-chalcopyrite polytypism in Culn&

CulnS nanocrystals have been synthesized by a numbeseérch groups in the
recent past’***°7> The crytal structure of those Culn@nocrystals has been mostly
revealed to be the expected tetragonal chalcopphise or compositionally disordered
cubic, sphalerité® However, very recently, a few reports emergedrinfing an

observance of unexpected wurtzite Culp8ase in nanostructurés’’ 8t

For example,
Schimmel, et al.®* has reported the formation of wurtzite CuinBy thin film
electrodeposition and coincidentally, Pahal.®® also recently observed wurtzite CujnS
in their colloidally-grown nanocrystals. Still,glchemistry continues to be refined to
obtain nanocrystals with improved size control.

In Chapter 5, a new synthetic route to monodispeZsdnS nanodisks is
provided. Recent examples of shape control hapeapd for CulnSenanocrystals,
including doughnut$ and trigonal pyramid%, but no similar examples of non-spherical
nanocrystals of CulnS Moreover, X-ray diffraction (XRD) showed thatetlCuln$
nanodisks had wurtzite crystal structure insteathefexpected tetragonal chalcopyrite
phase. Interestingly, high resolution transmissaectron microscopy (TEM) of the

CulnS nanodisks revealed the first example of wurtzitalcopyrite polytypism in a I-

[1I-VI 2 compound.



1.3.2 Wurtzite-chalcopyrite polytypism in CulnSe and Cu(InxGas.x)Se (CIGS)

As shown above, some CIGS nanocrystals showed wentg crystal
structure®® 8! This is very interesting, as the wurtzite phasendt stable at room
temperature in the bulk relative to chalcopyritel ather cubic phases such as sphalerite
or ordered vacancy compouffd. Wurtzite Culn$ occurs only as a high temperature
phase (1045-109%C).”° However, wurtzite phases of Culn@®d CIGS have not been
observed in nanocrystdf$. It is probably due to high stacking fault eneafyCulnSe2
relative to other chalcopyrite (or cubic) semicoridus®*®®> There were only a few
reports on slightly manipulated chalcopyrite crystaucture such as compositionally
disordered cubic (sphalerite) or ordered vacaneycolpyrites>’>?

In Chapter 6, we report CulnSand Cu(InGa; x)Se nanocrystals with wurtzite
(hexagonal) crystal structure. X-ray diffractiocRD) revealed wurtzite crystal
structure and high resolution transmission electrocroscopy (TEM) imaging showed

that the nanocrystals in fact were polytypic, a®smhin wurtzite-type CuinS

1.4DISSERTATION OVERVIEW

The rates of heterojunction interdiffusion and esaknce of CdTe/CdSe/CdTe
nanorods are reported and compared to model pi@iscin Chapter 2. The Se and Te
composition profiles were mapped in individual n@us aged in hot solvents for
different amounts of time to determine the Te irSE€dliffusion coefficient and evaluate
the influence of strain on the interdiffusion ratasross the heterojunctions. The
measured rod-to-sphere coalescence rates were paipa rates predicted using a
continuum viscous flow model for nanorod-to-sphewalescence.

The synthesis and characterization of various tyddsllI-VI ; nanocrystals are

shown in Chapters 3 through 6.



Chapters 3 and 4 show the synthesis of monodispsrhkéion-stable chalcopyrite
CulnSe nanocrystals. The nanocrystals are monodispefsase pure, and exhibit a
trigonal pyramidal shape. When drop-cast on cadwistrates, they self-assemble into
close-packed monolayers with long-range triangataer. In Chapter 4, the effect of
excess CuCl precursor is discussed on the monadigpef trigonal pyramidal Culnge
nanocrystals.

A new synthetic route to monodisperse Culn&nodisks is provided in Chapter
5. X-ray diffraction (XRD) showed that the Culn8anodisks had wurtzite crystal
structure instead of the expected tetragonal cpgttte phase. High resolution
transmission electron microscopy (TEM) of the Culn8&nodisks, however, revealed a
significant amount of polytypism with most of theanodisks having domains of
chalcopyrite Culng interfaced with wurtzite CulnSacross (002)(112), stacking
faults.

In Chapter 6, the Culngeand Cu(lnGa.)Se nanocrystals with wurtzite
(hexagonal) crystal structure are reported. Xddfraction (XRD) revealed wurtzite
crystal structure in CulnSeand Cu(lInGa.)Se nanocrystals. Extenstive high
resolution transmission electron microscopy (TEMpaging showed that the
nanocrystals in fact were polytypic, consistingboth chalcopyrite and wurtzite crystal
structure within the same nanocrystals. Elementapping in the nanocrystals by
nanobeam energy dispersive spectroscopy (EDS) doens revealed compositional
variations between the chalcopyrite and wurtzitegais.

Chapter 7 shows the summarized conclusions of tegedation and suggests

future plans to extend my thesis work.
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Chapter 2: Coalescence and interface diffusion inrlear
CdTe/CdSe/CdTe heterojunction nanorods

2.1INTRODUCTION

Heterojunction nanostructures can be colloidaliytbgsized in diverse pathways,
leading formation of various heterostructure typ&s. The formation of extended
defects in heterojunction nanocrystals is alleviaimce the large surface area-to-volume
ratio of colloidal nanocrystals and nanorods heglgeve strain at epitaxial interfaces
between materials with large lattice mismatch€s? Nonetheless, the relatively fast
reconstruction of these interfa8s®# or the coalescence of non-spherical
nanocrystafs®?%?* were previously reported, which requires furtherdg and better
understanding of the dynamics of these processes.

In this chapter, the rates of heterojunction intérdion and coalescence of
CdTe/CdSe/CdTe nanorods are reported and comparetbdel predictions. The Se
and Te composition profiles were mapped in indigiduanorods aged in hot solvents for
different amounts of time to determine the Te irSE€dliffusion coefficient and evaluate
the influence of strain on the interdiffusion ratasross the heterojunctions. The
measured rod-to-sphere coalescence rates were paipa rates predicted using a
continuum viscous flow model for nanorod-to-spherealescence. Se and Te
interdiffusion rates appear to be independentrafrstat the CdSe/CdTe interface and the

continuum model gives a reasonable approximatidghgéaneasured coalescence rates.

2.2EXPERIMENTAL SECTION

Cadmium oxide (CdO, 99.5%), tellurium (Te, 99.8%iputylphosphine (TBP,

97%), and toluene (99.8%) were purchased and useteaeived from Aldrich. n-

T The contents of this chapter appeaNano Letters 8, 2490-24962008).
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Tetradecylphosphonic acid (TDPA, 97%) was purchafedn Alfa Aesar. Tri-n-
octylphosphine (TOP, 97%), trioctylphosphine ox{d®PO, 99%), and selenium (Se,
99.99%) were purchased from STREM

2.2.1 Synthesis of CdTe/CdSe/CdTe heterojunction narods

A Cd-TDPA comple® was prepared by adding 0.963 g of CdO (7.5 mmud) a
4.185 g of TDPA (15 mmol) to 3 g of TOPO and degas$or one hour through pulling
vacuum in the Schlenk line. The mixture was heate800 °C under nitrogen. It kept
aged for 10 minutes until it turned optically clemdicating that the Cd-TDPA complex
formed. Subsequently, the clear Cd-TDPA solutios s@oled at room temperature to be
solidified and aged for more than 24 hr. This QPR complex is important for
making the CdSe nanorods, as its stability leadsigtnct particle nucleation followed
by slow controlled growth, which is necessary fanarod formatior!.

A mixture of 3.48 g of Cd-TDPA complex (3.2 mmol®©fl) and 4.65 g of TOPO
was degassed in the reaction flask for one houtlaer heated to 320 °C under nitrogen.
A selenium precursor reactant solution was prepanedissolving 0.126 g of Se (1.6
mmol) in a mixture of 0.468 mL of TBP, 3.482 mLDOP, and 0.694 mL of toluene at
120 °C. The tellurium reactant solution was madaeurthe same condition except with
an increased amount (5 mL) of TOP to lower the temiuviscosity for easy injection
through a syringe pump. The selenium precursorrapislly injected into the mixture of
Cd-TDPA and TOPO at 320 °C. The temperature wasithenediately decreased to 250
°C. This temperature decrease promotes the formaficelatively high aspect ratio CdSe
nanorods$? After heating for 30 minutes, the reaction solutigas returned to 300 °C and
then the tellurium precursor was injected by syeipgmp for 7.5 minutes at a rate of 48

mL/hr, which yields CdTe/CdSe/CdTe heterojunctiamorods’
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2.2.1.1 Nanorod aging

After Te injection from the syringe pump was contplethe CdTe/CdSe/CdTe
heterojunction nanorods were stirred in solution306 hr at 300 °C. Nanorods were
removed from solution at different times in ~0.5 milquots for characterization. Prior
to characterization, the nanorods in each aliquetewpurified by precipitation with
excess ethanol, followed by centrifugation. Thecjpiéated nanorods were redispersed

chloroform or toluene for characterization
2.2.2 Nanocrystal Characterization

Low resolution transmission electron microscopy THR) images were
acquired using a Phillips EM280 microscope operaedn accelerating voltage of 80
kV. High resolution electron transmission microsegplRTEM) images were obtained
using a JEOL 2010F microscope equipped with a gafission gun operated at 200 kV.
TEM samples were prepared by drop-casting dilutetisms of nanorods from toluene
onto a carbon-coated copper TEM grid (200-meshdlResearch).

Energy dispersive X-ray spectroscopy (EDS) mappvag performed on an FEI
TECNAI G2 F20 X-TWIN microscope in scanning transsmn electron microscopy
(STEM) mode at an accelerating voltage of 200 kviftlzorrected spectrum profiles
were obtained by initially selecting a referenceaain STEM image and regulating the
scanning direction not to stray from the refereams. The electron beam was focused
to a spot size of ~0.5 nm in diameter. During BEB&oping, the dwell time was 1000
ms at a given position and the profile size was go$itions per nanorod. The spatial
resolution of this technique is ~1 nm.

X-ray diffraction (XRD) was performed on a Brukeohlus D8 Advance powder
diffractometer with Cu K radiation £ = 1.54 A). Nanorods were evaporated from

toluene onto quartz substrates and dried to maiok fiims (~200 um). Diffraction
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patterns were obtained at a scan rate of 12 deig Im0.01 deg increments for 12 hr,
rotating the sample at 15 deg / min.

UV-visible absorbance spectra were collected on aaia¥i Cary 5000 Scan
spectrophotometer and photoluminescence (PL) spe&re recorded using a Fluorolog-
3 fluorometer with a 450W Xe source. The absorbamzkePL spectra were measured at
room temperature with nanocrystals dispersed wettd. PL measurements were taken
with nanorod concentrations adjusted so that thafirst exciton peak wavelength—

which was also the excitation wavelength—was 0.1.

2.3RESULTS AND DISCUSSION

2.3.1 Coalescence of linear CdTe/CdSe/CdTe heteraption nanorods

Linear CdTe/CdSe/CdTe heterojunction nanorods wsmethesized by high
temperature arrested precipitation using a secalergctant injection methdd’ In
this procedure, CdSe nanorods first precipitatanrinitial reaction step, followed by a
subsequent controlled heterogeneous deposition dfeCat the tips of the CdSe

nanorods.

2.3.1.1 Nanorods aging without purification

Figure 2.1 shows transmission electron microscdmM) images of a nanorod
sample imaged at different times during a prepamati The initial CdSe nanorods
(Figure 2.1a) have an initial average diameter Bmdfjth of 4.2 nm and 19.6 nm.
Immediately after adding Te-TOP, the nanorods dog\.5 nm on each end to 24.6 nm
(Figure 2.1b). The nanorod diameter also increasdightly to 4.7 nm (by 0.5 nm),
which corresponds to the adsorption of approxinyateke CdTe monolayer. The length
and diameter histograms constructed from TEM imagaebese samples are shown in

Figure 2.2. The nanorods are wurtzite crystalsgdted in the (hexagonal) [001]
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crystallographic direction (revealed in XRD dataFigure 2.3) and the linear deposition
of CdTe on the polar CdSe (and CdTe) (001) surféices the ends of the nanorods) is

approximately 10 times faster than the depositioth@ non-polar sidewall surfaces.

| Length: 19.6 = 2.2 nm 4" Length: 24.6 = 3.1 nm | Length: 23.9 £ 2.6 nm
Diameter: 4.2 £ 0.4 nm (b) ) Diameter: 4.7 = 0.5 nm Diameter: 5.6 + 0.6 nm
1 4.67

3 “ Aspect ratio: 5.23
ey A0 = -
", 2

(a)

Length: 23.2 = 2.5 nm

Diameter: 6.1 = 0.5 nm o Diameter: 7.3 £ 0.8 nm "8 Diameter: 8.2 £ 1.0 nm

. ",'_!f_ Aspect ratio: 3.08 Aspect ratio: 2.44

Figure 2.1. TEM images of (a) CdSe nanorods prior to CdTeod#jon, and
CdTe/CdSe/CdTe heterojunction nanorods (b) immelyiatiter CdTe
deposition and then after remaining in solutioBGA°C for (c) 10 min, (d)
1 hr, (e) 7 hr and (f) 30 hr.
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Figure 2.2. Histograms of length and diameter of (a) CdSeoras and the
CdTe/CdSe/CdTe heterojunction nanorods after (bait€dTe deposition
and then stirring in solution at 300 °C for (c)rhih, (d) 1 hr, (e) 7 hr, and
() 30 hr. The nanorod dimensions were determin@ah TEM images.
The histograms correspond to the nanorod sampkegachin Figure 2.1.

Figure 2.3 shows XRD data for CdTe/CdSe/CdTe nalsoss-synthesized and
aged in solution. The broadened peaks in the rahg® = 40~50° that appear after 10
minutes of aging in solution at 3D indicate that there is relatively significant $e/
interdiffusion across the heterojunction. Afteihdur of aging in solution, the XRD
peaks have broadened and shifted to lower angl&ating that a significant amount of
CdSe/CdTe alloying due to Se-Te interfdiffusionogsrthe heterojunctions has occurred.

After 30 hours of aging, the nanorods have form€di&e 4T ey ¢ alloy.
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Figure 2.3. X-ray diffraction (XRD) of (a) CdSe nanorods prio CdTe addition and
CdTe/CdSe/CdTe heterojunction nanorods (b) immelyidllowing CdTe
deposition and after aging in solution at 300 (¢ 10min, (d) 1 hr, (e) 7
hr, and (f) 30 hr. The broadened peaks in thegarig® = 40~50 ° in (c)
result from the beginning of Te/Se interdiffusionlhe XRD pattern (f)

corresponds to Cd$el ey 6 alloy with hexagonal crystal structuret,,,
=3.66 A, d,;, =2.24 A, giving agsere, . =448 A, Cogsere, . =73 A,
which corresponds to the lattice parameters exgdoteCdS@ 4T ey e

The nanorods coalesce to shorter aspect ratidseyf temain dispersed in the
solvent at 308C, as shown in Figure 2.1. At first, the CdTe endalesce before the
central CdSe portion, giving the initial appearamdea dumbbell shape as has been
observed previously for CdTe/CdSe/CdTe nanofddsThe nanorod diameter then
becomes uniform as the nanorods continue to dexiealength. Figure 2.4 plots the
length, radius, aspect ratio and volume of the rashgample shown in Figure 2.1. The
length decreases continuously with the coalescemate gradually slowing as the
nanorods become more spherical. The nanorod vollnoeever, does not remain
constant (Figure 2.4d). There is also a slow owmetil deposition of CdTe (and also

CdSe) from unreacted precursors as the nanorod®atescing.
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Figure 2.4. (a) Length, (b) radius, (c) aspect ratio, andv@iime of CdTe/CdSe/CdTe
heterojunction nanorods (determined from TEM meas@nts) aged in
solution at 308C. These samples correspond to the nanorods inikaged
Figure 1. The triangles correspond to the CdSenals before CdTe
deposition and the arrows indicate the changenredsions immediately
after Te-TOP addition to the reaction mixture. Tuoéted line in (c)
corresponds to the aspect ratio of sphere (= 1he (@) volume was
estimated from the measured radius and length asguarcylindrical

geometry: vol = 7R’L (R: radiusL: length).

2.3.1.2 Nanorods aging after purification
To prevent this residual deposition during the gginmocess, nanorods were also
studied that were purified after the initial CdTepdsition step and then redispersed in

solution at 300°C. Figure 2.5 shows TEM images of CdTe/CdSe/Cd@rorods
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prepared in this way. Figure 2.6 shows plots & kbngth, radius, aspect ratio and
volume of nanorods made using this procedure. pindfication largely eliminates
continued CdTe deposition; however, there is atdllight increase in nanocrystal volume
during aging—from 800 to 1200 im It was not possible to cleanly separate the
nanorods by antisolvent precipitation from unreéqgbeecursor, but this procedure did
help minimize further deposition. In both cases-thwand without purification—the
nanorods coalesce relatively rapidly in solutiorBa°C, with decreases in aspect ratio
from just over 5 to 2 (Figure 2.5) and nearly 1g(ffe 2.6) after 30 hours in solution.
Figure 2.7 shows XRD data for the CdTe/CdSe/CdTerals that were redispersed at
300°C after first purifying them to try to remove adlsidual reactants and then after 30

hours of aging. The XRD pattern corresponds ta8eusl ey 5, alloy.

Figure 2.5. TEM images of CdTe/CdSe/CdTe heterojunction nas®aged after
purifying the as-formed CdTe/CdSe/CdTe nanorods poi aging in
solution at 308C: (a) CdSe nanorods prior to CdTe deposition; (b)
CdTe/CdSe/CdTe nanorods immediately after CdTe siépo; after
redispersing the CdTe/CdSe/CdTe nanorods &(G36afr (c) 10 min, (d) 1
hr, (e) 7 hr, and (f) 30 hr.
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heterojunction nanorods (determined from TEM meam@nts;
representative images shown in Figure 2.5) agedlintion at 30€C.
These nanorods were subjected to a purificatignistenediately after the

addition of the Te-TOP reactant to try to removesanted precursor.

35

(@) Length, (b) radius, (c) aspect ratio, andvf@yime of CdTe/CdSe/CdTe

The

triangles correspond to the CdSe nanorods befofe @dposition and the
arrows indicate the change in dimensions immedjafér Te-TOP

addition to the reaction mixture.

aspect ratio of sphere (= 1).

measured radius and length assuming a cylindraangtry: vol = ZR*L

(R: radius L: length).
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Figure 2.7. XRD of the coalesced nanorods imaged by TEM gufé 2.5f, which have
been aged in solution at 3Wfor 30 hr after an initial purification step.
The lattice constants af= 4.4 A andc = 7.26 A determined from the (002)

and (110) peak positionsd,,, = 3.63 A andd,,, =2.20 A correspond to a

final alloy composition of CdSasTl ey 52 Which is consistent with the
volume change measured and plotted in Figure 2.6.

2.3.2 Continuum viscous model

The coalescence of rod-shaped nanoparticles has deamined in some detall
for particles formed in aerosol (gas-phase) pras&8®but such analyses have not yet
been extended to nanorods in solution, even thadbogHundamental rate processes are
identical, with coalescence to spheres being drisethe surface tension gradient on the
particle surface arising from the non-sphericalpgha One way to estimate the
coalescence rate is to assume that continuum \astmu applies to the nanorods and to
then take mass and energy balances to obtainteonslkip between the coalescence time

t, and the nanorod length and radiug. As a similar approach to that of Hawa and
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Zachariah the relationships between the nanorogtheand radius and coalescence time

from such a continuum viscous flow model &te:

12 [zy L)
t=—=> J(\/;L 2] dL (2.1)

248 2a®Y’
== Jil v ] dr . (2.2)

In Eqgns (2.1) and (2.2), the nanorod voluxhedoes not change with time (i.e.,
mass is conserved).Lo andRy are the initial length and radius. The coalesceat®in
this viscous flow model depends on the two mategEpendent parameters of viscosity

and the surface tensiom; and o. For a fluid, » and the diffusion coefficieri?, can

be related by the Eyring equation:
KT

“ap (2.3)

n

wherek is Boltzmann’s constant, is the temperature ara is the interatomic
spacing. Since the nanorods are well below thetimgetemperatures of CdTe and
CdSe, the use of Eqn (2.3) to determineprovides only an upper bound to the nanorod
coalescence rate. A more accurate relationshipvdsgt an effective viscosity of a
crystal with a nanoscale domain size and its sstide diffusion coefficient has been

derived by Herring”
_ KTR?
40,D

. (2.4)

In Egn (2.4),Ris the nanorod radius anf, is the atomic volume in the solid.
The value of » determined using Eqn (2.4) is close to two oradémagnitude higher
than » calculated using Egn (2.3). The expression forin Eqn (2.4) yields the same
functional form of the coalescence frequency as pnedicted by Friedlander and Wu

for coalescing solid particles, indicating that tiee of the viscous flow model equations
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(2.1) and (2.2), combined with Eqgn (2.4) shouldvide a reasonable approximation for

the coalescence rate of the nanorods.

2.3.2.1 Model prediction

To quantitatively compare the coalescence ratedigiesl by Eqns (2.1) and (2.2),
the extra CdTe deposition on the CdTe/CdSe/CdTemds that occurs during the aging
process must be subtracted from the total volumehefnanorods to determine the
reduction in length by coalescence. This was dbyesubtracting the (measured)
additional particle volume from the initial CdTe/®&/CdTe nanorod volume and
considering that the deposition rate on the endh@hanorods is 10 times as fast as the
sidewall deposition. Figure 2.8 plots the (comegtnanorod length and radius as a
function of aging time. The best fits of Eqns §2ahd (2.2) to the data in Figure 2.8
give estimates ofc/n equal to 12 and 24 nm/hr for the two differentssef
experiments. These values are about an order ghitnde lower than those calculated
using Egn (2.3) and the bulk values of the CdStaesartension and diffusion coefficient.

Note that, for the calculations, valuesf 2x10" cnf/sec (Te into CdSeY, o = 05

It %% Q0 =00547nm®, a, = 28x10°m, and average® values of 3.4 nm and
4.2 nm for Eqgn (2.4), were used. And the bestvéitues of /=12 nm/hr and
o/n=24 nm/hr are slightly higher than the values ®f;p=6.4 nm/hr ando/n=4.2

nm/hr predicted using Eqn (2.4) to estimaje. Therefore, it appears that the

continuum viscous flow model provides an upper labtor the coalescence rate when

used in conjunction with the Eyring equation (EQrBJ) to relate andD, and perhaps

a lower bound for the coalescence rate when Hésrieguation relatings andD (Eqn

(2.4)) is used.
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Figure 2.8. Corrected (a, c) length and (b, d) radius veegisg time (solid dots) in

TOP/TOPO solution at 368G and model predictions using Eqns (2.1) and
(2.2) (solid, dashed and dotted lines). The dafa) and (b) correspond to
the nanorod samples imaged in Figure 2.1 and ttaeinldc) and (d)
correspond to the “purified” nanorod samples imaigeigure 2.5. The
dashed and dotted curves in (a-d) are plots of Eja$ and (2.2) calculated
using Eqns (2.3) and (2.4), respectively to deteemy. Using bulk

values oD, o, Q,, a,,and averaged valuesRfgave o/ =96 nm/hr
(dashed curves) using Eqn (2.3) asdr, =6.4 nm/hr (dotted curves in (a)

and (b)) ando/;=4.2 nm/hr (dotted curves in (c) and (d)) using E2}4).
The solid curves are the best fits of Eqns (2.4)@®) to the data. The
horizontal dotted lines indicate the nanorod leagthd radii for spherical
particles with the same volume as the starting raad®o(i.e., the final
limiting condition when the aspect ratio equals 1).
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2.3.3 Interface diffusion in linear CdTe/CdSe/CdTéheterojunction nanorods

As the nanorods age in solution at 300Se and Te interdiffusion occurs across
the heterojunctions, as illustrated in Figure 2.%he interdiffusion is observable by
XRD (Figure 2.3) and nanobeam energy dispersivayXspectroscopy (EDS) mapping
(Figure 2.10). By measuring the rate of Te-Serdiffeision at the heterojunction®,
for Te diffusion into CdSe can be estimated andaned to bulk values. A solution to

the time-dependent diffusion equatio@Qyat = D(azc/atz)) provides a relationship

between the Te concentration profile drd

C(x,t)= \/% exp{— 4XDtj' (2.5)

In Egn (2.5)x is the distance from the end of the rbi, the aging time an@ is

the amount of CdTe initially deposited at the efiche nanorod. Therefor® can be
estimated by determining thaéffusion length, ¢=+/Dt, which is the position at which
the Te concentration decreased ®thé value of the peak concentration, as a funaifon

94,95

aging time: From EDS data like that shown in Figure 2.10,was determined for

four different nanorods at four different aging ¢isn

CdTe/CdSe/CdTe CdSeTe

Te atom . Cd atom

Figure 2.9. Se and Te interdiffusion at the CdSe/CdTe inteddeads to
transformation of CdTe/CdSe/CdTe heterojunctionomaats into alloyed
CdSeTe nanopatrticles.
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Figure 2.10. Cd, Se, and Te composition profiles measuredadmpbheam EDS down
the length of individual CdTe/CdSe/CdTe heterodtrrecnanorods: (a)
immediately after CdTe deposition at the ends ef@dSe nanorods, and
after aging in solution at 300 °C for (b) 10min), Ichr, (d) 7 hr, and (e) 30
hr. (Insets) Dark-field STEM images of the cor@sping nanorods. The
arrow indicates the line scan direction. The uatiohs in the
concentration profiles result from slight fluctwats in nanorod diameter
along the nanorod length.

2.3.3.1 Determination of diffusion length

To determine the Te diffusion length in the nansradter different aging times,
the edge of the Te profile in the center of eachonad was estimated as illustrated in
Figure 2.11. An exact determination of the Te edge complicated by the fact that the
Te composition could not be monitored in one nadoas it aged in solution and
additionally that the average nanorod length dem®aas a result of coalescence.
Nonetheless, the edge of the heterojunction irtertauld be estimated with reasonable
accuracy by examining the Te profiles in severéedint nanorods and averaging their

diffusion lengths. Figure 2.12 shows additionaltlof the Se to Cd and Te to Cd ratios
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determined from the EDS maps to further illustratew the diffusion length was
determined. These plots reveal that significanta8é Te interdiffusion has occurred
after 1 hour of aging in solution and that afterh@urs of aging the Se and Te

concentrations have become uniform.

e
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= (3)7hr / o (3)T hE
/
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Position (nm) Position (nm)

Figure 2.11. Nanobeam EDS maps of Te for four different naderafter different
aging times, illustratinow the diffusion lengths were determined. The
average nanorod length decreased over time dieitocbalescence, so the
Te profiles are shown only at one end of the nas&ro However, to
estimate the average diffusion length with agingetiboth ends of the
nanorods were examined. After 7 hr of aging, teaiid Se concentration
profiles became uniform (with the exception of aairamount of residual
Te deposition at the ends of the nanorods, as $8scduabove) and the
diffusion lengths were estimated as half the nashézagth.
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Te/Cd, Se/Cd stoichiometry

Position (nm)

Figure 2.12. Te/Cd @) and Se/Cd (0) stoichiometry determined from EDpping
data as a function of position along the lengtfoaf nanorods isolated after
the aging times indicated in the plot. The cumesoffset in the vertical
direction. The arrows indicate the Te edge inntheorods. The Te
present in the mid-section of the nanorods is ¢lselt of sidewall
deposition. After 7 hours of aging, the Te andt8mpositions are
uniform along the lengths of the nanorods withighslexcess of Te relative
to Se, which is consistent with XRD data and resiuim continued Te
deposition from residual reactant as the nanorcelaged in solution.

Note that the compositions at the ends of the raa®exhibit a significant
amount of scatter and in some cases deviate aborbdlow 0 as a result
of the relatively small measurement signals aslthmeter narrows abruptly
at the ends of the nanorods.
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2.3.3.2 Determination of diffusion coefficient

Performing the elemental maps on each nanorodra&agively time intensive
process and it is not practical to measure tentiwwdreds of nanorods; however,
elemental maps of four nanorods at each aging tiase obtained and averaged to
minimize the error in¢ as much as possible. Figure 2.13 shows a plot?ofersus
the aging time, showing a linear dependence tlditates that strain at the CdTe/CdSe

interface (Figure 2.14) is not affectimg®*

A linear curve fit to the data in Figure 7
gives a value ob = 1.5 x 10’ cnf/sec, which is close to the literature vafuef 2x10"’

cnt/sec.
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Figure 2.13. Plot of the square of the Téffusion length measured by EDS mapping
versus aging time. D estimated from a linear fit of the data to Eqn }2s5
1.5 x 10" cnf/sec. (Each point on the plot is a diffusion léngteraged
for four different nanorods—as shown in Figuresl2zahd 2.12.)
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2.3.3.3 Strain at the interface

Figure 2.14 shows high resolution TEM images ofdI €CdSe/CdTe nanorod
and FFTs taken at different positions along theonath  The crystal structure of the tips
of the nanorod matches CdTe, whereas the centeeafanorod matches CdSe. At the
interface between the CdTe ends and the CdSe ctiveslattice spacing gradually

changes from CdTe to CdSe and there is no sigrd@&acation at the heterojunction.

Y

e

i : J%&’%ﬁ % , i‘fg — 5%37‘ s Z;g

Figure 2.14. (a) High-resolution TEM image of a CdTe/CdSe/Cti&erojunction
nanorod. (c) FFTs of the regions of the nanoratired by the squares in
(b) from top left to bottom right. The zone axas(b) is [2110]. The
nanorod is elongated in the [002] direction. @ )Higher magnification of
the second, fourth, and sixth FFTs in (c). (d) éhdhatch the expected
diffraction patterns for CdTe and CdSe, respectjvahd the diffraction
spots in (e) are slightly broadened compared tora pum of spots of CdTe
and CdSe, indicative of the existence of diffelatttce spacings made by
strain at the interface.
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2.4CONCLUSIONS

In  summary, both coalescence and Te-Se interdiffusioccur as
CdTe/CdSe/CdTe nanorods are aged in solution afC300The rates of Se-Te
interdiffusion and nanorod coalescence were medsur@lthough there is strain at the
epitaxial CdTe/CdSe interface due to the latticematch, this strain does not appear to
influence the rate of Te-Se interdiffusion. A danoum viscous flow model provided a

reasonable approximation of the measured coalescetes.
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Chapter 3: Synthesis of CulnSgNanocrystals with Trigonal Pyramidal
Shape

3.1INTRODUCTION

The ternary I-lll-VL chalcopyrite materials like CulnSeare particularly
interesting candidates for PVs due to their phatuty, high light absorption coefficient
and demonstrated high device efficierity.In particular, the colloidal nanocrystals are
beneficial for lower cost PVs since they could fetesized in large quantities and then
dispersed in solvents for low-temperature depasitin various substratds. However,
there are only a few examples of the nanocrystah®sis of CulnSgand other I-11l-Vp
chalcopyrite compounds in solutitit’ and moreover the reported Culn®@nocrystals
possessed relatively broad size distributions, asiion and phase impurities, and poor
dispersibility.

In this chapter, the developed synthetic methodnohodisperse chalcopyrite
(tetragonal) CulnSe nanocrystals is provided. The nanocrystals hangortal
pyramidal shape with one polar and three non-pslaface facets. When drop-cast
onto carbon substrates, the nanocrystals self-ddsanto close-packed monolayers with

triangular (honeycomb) lattice structure.

3.2EXPERIMENTAL SECTION

Copper(l) chloride (CuCl, Aldrich, 99.995+ %) anadium(lll) chloride (InC4,
Aldrich, 99.999 %), selenourea (99+ %, STREM; 9¥9+ACROS), oleylamine (Fluka)

were purchased and used as received.

T Portions of this chapter appearJournal of the American Chemical Society 131, 3134-31332009.
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3.2.1 Nanocrystal Synthesis

In a typical synthesis, a mixture of 0.05 g of C@b mmol of Cu), 0.11 g of
InCl3 (0.5 mmol of In), and 10 mL of oleylamine is vigasly stirred and degassed in the
reaction flask for 30 minutes at 60 °C by pullingcuum on the Schlenk line. The
mixture is then heated to 130 °C under nitrogenlforminutes. During heating, the
solution turns from blue to yellow, indicating tfermation of oleylamine complexes
with Cu and In. Meanwhile, the selenium reactaitit®on is prepared by dissolving
0.123 g of selenourea (1.0 mmol) in 1 mL of oleyilagnat 200 °C under nitrogen on a
Schlenk line. This In/Cu/oleylamine reactant Solutis cooled to 100°C and the
selenium reactant solution is added by syringe.méaliately after injection of the Se
reactant, the reaction mixture is heated to 24@t°g rate of 15 °C/min. After 1 hour,
the nanocrystals are removed from the heating maartd allowed to cool to room
temperature. 30 mL of ethanol is then added toipitate the nanocrystals, followed by
centrifugation at 7000 rpm for 3 minutes. The soptant is discarded. The
nanocrystals redisperse in a variety of non-potganic solvents, including chloroform,
hexane, and toluene. Prior to characterizatiospatsions are typically centrifuged
again at 7000 rpm for 5 min to remove inadequatelgped nanocrystals. A typical

reaction yields ~120 mg of CulnSeanocrystals.

3.2.1.1 Use of selenourea

The use of selenourea as the Se reactant turnetb daé relatively important.
Initially, we tried to use trioctylphosphine:selem (TOP:Se), commonly used for CdSe
and ZnSe nanocrystal synthe¥i€® but this did not work well. The presence of the
phosphine was found to inhibit the formation of tealcopyrite compound, most likely
by forming relatively strong phosphine complexesghwiCu and In. Oleylamine

dissolves CuCl and Ingupon heating to provide a Cu and In reactant mwiuaind then
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bonds well to the Culngesurface to provide an effective steric barriemiasn particles

to prevent their aggregation.

Se

oleylamine
CuCl+InCl,+ "= &
NH,;~ “NH, 240°C &

Figure 3.1. Reaction scheme for CulnS®anocrystal synthesis.

3.2.2 Characterization methods

TEM images were acquired using either a PhillipsZBMmicroscope operated at
80 kV or a JEOL 2010F microscope equipped witheld femission gun operated at 200
kV. TEM samples were prepared by drop-casting caystals dispersed in chloroform
onto carbon-coated nickel TEM grids (200-mesh, ttecMicroscopy Sciences). The
JEOL 2010F is equipped with an Oxford EDS deteatgrich was used for elemental

analysis of the nanocrystal composition.

3.3RESULTS AND DISCUSSION

3.3.1 Synthesis of CulnSgNanocrystals

TEM images of CulnSenanocrystals are shown in Figures 3.2 and 3.3e Th
nanocrystals are monodisperse with triangular shape crystalline. By energy

dispersive X-ray spectroscopy (EDS), the 1:1:2 &6# stoichiometry of the
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nanocrystals was 1:1:2 and X-ray diffraction (XRDynfirmed their chalcopyrite
(tetragonal) (JCPDS Card No. 40-1487) crystal stmec(Figure 3.4). The {112} and
{220} lattice spacings of CulnSevere visible in many of the nanocrystals imaged by
high resolution TEM. The optical properties of thenocrystals are also consistent with
chalcopyrite CulnSe The optical gap determined from room temperaalrgorbance
spectra of the nanocrystals dispersed in chloroféiigure 3.5) of 1 eV, matches the bulk
band gap of chalcopyrite CulnSEy= ~1 eV). Note that the nanocrystals are not small

enough to exhibit quantum confinement effects.
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Figure 3.2. TEM images of CulnSenanocrystals from two different reactions:

Samples (a) and (c) were made using selenoureaSidREM and (b) and
(d) were made with selenourea from ACROS. The astals in (a) and
(c) have an average length of 16.1 nm on two sadesl6.9 nm on the other
side and the nanocrystals in (b) and (d) have arage length of 16.4 nm
on two sides and 17.5 nm on the other side. Téetin (d) shows a fast
Fourier transform (FFT) of the region of (d), releg the positional order

of nanocrystals in the monolayer.
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Figure 3.3. High resolution TEM images of CulnSeanocrystals. The inset in (a) is an
FFT of the TEM image, which indexes to chalcopyfietragonal) CuinSe
The measured-spacings of 3.35 A and 2.05 A correspond to th2land

{220} lattice planes of bulk tetragonal CulnS# 3.351 A and 2.046 A
(JCPDS Card No. 40-1487).
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Figure 3.4. (a) XRD ¢ = 1.54 A) and (b) EDS of Culngeanocrystals. The
diffraction pattern indexes to chalcopyrite (tetragl) CulnSe (JCPDS
Card No. 40-1487). The breadth of the XRD peak®issistent with the
nanoscale particle size observed by TEM. The EDX®msistent with
CulnSe. The inset in (b) is an HRTEM image of the nagstal
measured by EDS. In the EDS data, the Ni, C argiig8als are from the
nickel grid, the carbon support and the backgraoritdie TEM. XRD was
performed with (~20@m thick nanocrystal films on quartz substratesgisin
a Bruker-Nonius D8 Advance powder diffractometethwlu Ko radiation
(.= 1.54 A). Diffraction patterns were obtainedhatcan rate of 12 deg /
min in 0.01 deg increments for 12 hr, rotatingsbenple at 15 deg / min.
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Figure 3.5. Room temperature UV-visible absorbance spectea aptically clear
dispersion of CulnSenanocrystals in chloroform. The spectra were
collected on a Varian Cary 5000 Scan spectrophd&nne

3.3.2 Oleylamine etching of CulnSgnanocrystals

The CulnSe nanocrystals were stable for several weeks wheeddispersed in
organic solvents, except when excess oleylaminepsasent in the solution. The free
oleylamine disintegrated the nanocrystals overcthese of several days, as shown in the
TEM images in Figure 3.6. Oleylamine appears tetiching the nanocrystal surface at
specific facets. This etching by oleylamine midig similar to what Allen and
Bawendi® observed for their Cu-In-Se nanocrystals, whereirthas-synthesized
nanocrystals reportedly redissolved if kept in T@P/oleylamine reaction solution for

too long.
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Figure 3.6. TEM images of CulnSenanocrystals after dispersing in chloroform at
room temperature with excess oleylamine for (aqy, ¢b) 9 days and (c,d)
13 days. The shape of the etched nanocrystatssstent with a
pyramidal shapé’

3.3.2.1 Effect of oleylamine etching

The etching of CulnSenanocrystals was confirmed by comparing nanodsy/gta
the presence and absence of excess oleylamindutioso In a typical synthesis, the
nanocrystals are precipitated with 30 mL of ethaaftér the reaction, centrifuged,

redispersed in a minimal amount of chloroform (& faL) and reprecipitated with 30
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mL of ethanol. This procedure effectively removas of the excess oleylamine.
When nanocrystals purified using this procedure ewstored as dispersions, the
nanocrystals were stable, as shown in the TEM ismag€&igure 3.7. After purification,

if a drop of oleylamine (~ 2L) was added to the nanocrystal dispersion, thé&ctes
were observed to slowly dissolve over the coursdayfs, as the TEM images show in
Figure 3.7c. If the nanocrystals were not compfetpurified using the two
precipitations after synthesis, then the nanoclystare observed to etch, but at a slower
rate than when oleylamine was intentionally adde@xcess. The nanocrystals in the
TEM images in Figure 3.7a were precipitated onlgeomvith only 10 mL of ethanol

(followed by centrifugation).
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Figure 3.7. TEM images of CulnSenanocrystals after being stored in chloroform with
varying amounts of excess oleylamine, as descabede.

3.3.3 Self-Assembly into triangular lattices

The CulnSg nanocrystals were sufficiently monodisperse tanfaose-packed
ordered monolayers when drop-cast onto carbon TéMtsates, as shown in Figures 3.2
and 3.8. The triangular shape of the nanocrystalis to triangular packing order in the

monolayer, with each nanocrystal surrounded by thrye nearest neighbors. This is a
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honeycomb lattice, structurally analogous to a heme sheet. To date, there have been
only a few observations of close-packed trianglepsid nanocrystaf§®® High
resolution TEM images of the CulnSeanocrystals revealed that they shared a common
crystallographic orientation with respect to thestuate. The nanocrystals in Figure 3.3
for example, are being viewed down the [114] zaxs,&howing their (-1-12) and (2-20)
lattice planes. These nanocrystals are all lyingttee substrate on (114) facets and
appear to have the same crystallographic oriemtatith respect to their triangular

shape.
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Figure 3.8. (a,b) TEM images of Culngeanocrystal monolayers. White dots
located at the center of the nanocrystals (a,lp teeillustrate the
honeycomb structure of the monolayer in (c,d). iAsets in (c) and (d)
are FFTs of (a) and (b): the spot patterns reveapositional order of
particles in the monolayer of (a) and (b).

3.3.4 Three dimensional shape

It is difficult to determine the three-dimensiorsilape of the nanocrystals from
the two-dimensional images from TEM. SEM on th&eothand provides three-
dimensional images of the nanocrystals. FiguresB®vs an SEM image of CulnSe
nanocrystals dropcast onto a Si wafer with natixele When drop-cast onto the
silicon substrates, the nanocrystals did not dépasan ordered monolayer and they are
randomly oriented on the substrate. The nanodsystee clearly not flat triangular
platelets, but are pyramidal in shape. This infation, combined with the TEM images
showing the crystallographic orientation within thmanocrystals provides enough
information to deduce the relationship between GenSe crystal structure and the

nanocrystal shape.
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Figure 3.9. SEM image of CulnSeanocrystals on a Si@oated Si substrate. The
image was acquired with a Zeiss Supra 40 VP SEAvadrking voltage of
10 kV and working distance of 8 mm.

3.3.5 Crystallographic model of CulnSe nanocrystals

Figure 3.10a shows a crystallographic model ofigotral pyramidal CulnSe
nanocrystal with the same crystallographic orieotaas observed by TEM (as in Figure
3.3 for example). The nanocrystal is viewed dola [L14] zone axis and shows the (-
1-12) and (2-20) lattice spacings. In Figure 3,18k nanocrystal is portrayed slightly
off the [114] zone axis to illustrate its three-einsional pyramidal structure. The

nanocrystal lays flat on a (114) facet on the carb&M substrate, and its triangular

shape extends from 6112) basal plane in the [11-2] direction to its triataguapex.
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The other two exposed surface facets on the tdpeohanocrystal are most likely the (-

114) and (1-14) planes.

Tilted off
Zone axis

Zone axis

@c @ @<
@ @c ®¢
@c @< @cC
@ ¢ @c @<
@c ¢ |[(114)

Figure 3.10. Crystallographic models of a CulnSenocrystal with trigonal pyramidal
shape (a) viewed down the [114] zone axis liken@weocrystals imaged by
TEM image Figure 3.3 and (b) viewed slightly ofétfi14] zone axis to
illustrate the three-dimensional shape of the narstal and its (-1-12) and
(-114) and (1-14) faceted surfaces; (c) the uditafehalcopyrite
(tetragonal) CuinSeand (d) the (112) and (114) surfaces of CuinSe
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3.3.5.1 Polarity of nanocrystal surfaces

In chalcopyrite (tetragonal) Culngehe (112) and (114) planes are structurally
equivalent to the (111) and (112) planes, respelgtiof a cubic sphalerite crystal. The
(112) surfaces are polar in the absence of surfacenstruction because they are
terminated entirely by either cations or anions #m exhibit a net positive or negative
charge. The Culn$e(114) surfaces on the other hand are non-polathayg are
terminated by equal numbers of cations and anioagjng them charge neutral. Figure
3.10d provides an illustration of these (112) arldd4| surfaces. The pyramidal
structure results from the combination of theseapahd non-polar surface facets. This
is in many ways similar to nanorod and trigonalgoyid-shaped CdS, CdSe and CdTe
nanocrystaf$’®®*and disk-shaped G&'** and Cu$' nanocrystals, in which surface
facets of different polarity exhibit significantlgifferent growth rates, thus leading to
non-spherical nanocrystals. In the Culp®&gonal pyramidal nanocrystals, either a
cation or anion-terminated (-1-12) surface mustdiatively stable, while the opposing
(11-2) surface is relatively reactive, leading astfgrowth in the [11-2] direction. The
three other sidewall facets are terminated by nmard114} surfaces. The other non-
polar surfaces of chalcopyrite CulnSethe (110) surfaces—are not observed. This is

|12 and Zhanget al.*** have

consistent with what is known about CulpSas Jaffeet a
shown that the (112)/(-1-1-2) surfaces are mofaethan the (110) surfaces due to their

particular ability to reconstruct via defect formoat

3.4CONCLUSIONS

In summary, monodisperse CulnSaanocrystals were synthesized. They
exhibit a trigonal pyramid hape as a result ofrtiedialcopyrite crystal structure and the

corresponding surface facet polarity. Oleylamisean effective capping ligand to
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control CulnSe nanocrystal growth, but when present in excessolation it can also
etch the nanocrystal surfaces. When dropcast cartoon substrates, the nanocrystals
deposit on their (114) surfaces and form close-paakonolayers with triangular order.
When dropcast on silicon substrates (with nativiel@x the nanocrystals do not exhibit

the same facet-selective deposition and do not fidared monolayers.
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Chapter 4: Effect of Excess CuCl on the FormationfoMonodisperse
Trigonal Pyramidal CulnSe, Nanocrystals

4.1INTRODUCTION

The importance of monodisperse nanocrystals has bgmificantly increased
due to the dependence of electrical, magnetic,ogridal properties on their size, shape,
and compositior® The mechanism for the formation of monodispem®onrystals has

h%0-%* |t is so far revealed

been studied based upon burst nucleation and segaysowt
that diverse variables (such as reaction conditieactivity, or kind of reactant) could
influence the monodispersity of nanocrystals presidy colloidal synthetic methods.
However, the complexity and subtlety of the effetthose variables on monodispersity
still requires profound study on each individuadea

In this chapter, it is shown that the amount ofemscCuCl precursor affected the
monodispersity of trigonal pyramidal CulnSeanocrystals, which | previously reported
(as shown in Chapter 8). Although the synthetic process previously shovieel
importance of precise synthetic ways, reaction &napire, and choice of oleylamine for
the formation of monodisperse CulnS®anocrystals, more study was needed on the

factors to influence the monodispersity such asys®r concentration related to reaction

kinetics.

4.2EXPERIMENTAL SECTION

Copper(l) chloride (CuCl, Aldrich, anhydrous, bead89.99+ %), indium(lll)
chloride (InC4, Aldrich, 99.999 %), selenourea (ACROS, 99.9+ @)d oleylamine

(Aldrich, 70%) were purchased and used as received.
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4.2.1 Nanocrystal preparation

In a typical synthesis, a mixture of CuCl, IgCand oleylamine is vigorously
stirred and degassed in the reaction flask for 8tutas at 60 °C on the Schlenk line in
the glovebox. The amount of IkGind oleylamine are fixed as 0.11 g (0.5 mmol 9f In
and 10 mL, respectively. On the other hand, theuwrh of CuCl varies adding an
excess amount from 0 % to 75 % in each reactiorne mixture is then heated to 130 °C
under nitrogen for 10 minutes. During heating, sbéition turns from blue to yellow,
indicating the formation of oleylamine complexesthwiCu and In. Meanwhile, the
selenium reactant solution is prepared by dissglari23 g of selenourea (1.0 mmol) in
1 mL of oleylamine at 200 °C under nitrogen on &l&uk line. The In/Cu/oleylamine
reactant solution is cooled to 100 °C and the saferreactant solution is added by
syringe. Immediately after injection of the Seateat, the reaction mixture is heated to
240 °C at a rate of 15 °C/min. After 1 hour, tlenocrystals are removed from the
heating mantle and allowed to cool to room tempeeat 20 mL of ethanol is then
added to precipitate the nanocrystals, followedéytrifugation at 8000 rpm for 1 min.
The supernatant is discarded. The nanocrystaispede in a variety of non-polar
organic solvents, including chloroform, hexane, &wldene. Prior to characterization,
dispersions are typically centrifuged again at 4f@ for 3 min to remove inadequately
capped nanocrystals, followed by an additional weglprocess with centrifugation at

7000 rpm for 3 min. A typical reaction yields ~10@ of CulnSenanocrystals.

4.2 .2 Characterization methods

TEM images were acquired on either a JEOL 2010Fastmpe equipped with a
field emission gun operated at 200 kV or an FEInEeéaenicroscope operated at 80 kV.

TEM samples were prepared by drop-casting fromroffdom dispersions onto carbon-
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coated Ni TEM grids (200-mesh, Electron Microsc§ayences). The JEOL 2010F has
an Oxford X-ray energy dispersive spectroscopy (EB&ector, which was used for
elemental analysis.

XRD patterns were obtained from nanocrystal filimst were approximately 200
um thick on quartz substrates. A Bruker-Nonius D&8vaénce powder diffractometer
with Cu Ko radiation § = 1.54 A) was used with a scan rate of 6 deg/mif.01 deg
increments, collecting for 12 hr with that samgating at 15 deg/min.

Room temperature UV-visible absorbance spectra wefllected on a Varian
Cary 5000 Scan spectrophotometer with samples isgein chloroform in quartz

cuvettes.

4.3RESULTS

4.3.1 Formation of Nanocrystals with different amouts of Excess CuCl

Figure 4.1 shows TEM images of the nanocrystalgshegized adding different
amounts of excess CuCl into a reaction solutiotuging stoichiometric CuCl, InGland
selenourea (Cu:ln:Se=1:1:2) in oleylamine. It msvealed that the nanocrystals
appreared to be more monodisperse as the amowxcess CuCl increased until 45 %
excess CuCl where highly monodisperse trigonal migal CulnSe nanocrystals
formed. On the other hand, beyond 45 % excess @o@tk, the nanocrystals lost a

trigonal shape (Figure 4.1f) and finally becameygperse (Figure 4.1g).
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Figure 4.1. TEM images of nanocrystals synthesized usin@uifit amounts of excess
CuCl: (a) 0 %, (b) 15 %, (c) 30 %, (d) 45 %, (e)%3(f) 60 %, and (Q)
75 %. All particle dimensions are measured andvsha Figure 4.3. It
is shown that the highest monodispersity occurrigl £#6 % excess CuCl
into a reaction solution.

4.3.1.1 Quantitative analysis

Plots of average patrticle size, relative standawdation of size, and percentage
of shapes versus amount of excess CuCl were showviaigures 4.2a, 4.2b, and 4.2c,
respectively. Size histograms are shown in FiguBs While Figure 4.2a shows that
average particle sizes are in a similar range (A &), relative standard deviations show
a sudden drop and increase in Figure 4.2b, whighiesthat the amount of excess CuCl
plays an important role on the formation of monpdise CulnSe nanocrystals.
Moreover, it is shown that particle shapes varyetelng on the amount of excess CuCl
in the reaction solution. Figure 4.2c showed thpercentage of triangular (in fact, this
is a trigonal pyramidal shape in three dimenSjoparticles most drastically changed as

the excess CuCl amount increased. The trianghlapes had the highest percentage
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(95 %) at the excess CuCl amount of 45 % as wdhasase of highest monodispersity
(relative standard deviation of size=9.9 %). Tlisrresponds that the CulnSe
nanocrystals made with 45 % excess CuCl showedhiglymonodispersity in both size
and shape in the TEM image (Figure 4.1d). Notd the tendency of increasing

monodispersity (in both size and shape) was brakien 45 % excess CuCl.
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Figure 4.2. Plots of (a) average particle size, (b) relatitendard deviation of size, and
(c) percentage of shapes versus amount of excesk C(a) revealed that
all particle sizes are within a similar range, {tand (c) showed a sudden
change in both size and shape at the 45 % excé&3satount, where the
most monodisperse triangular Culn®anocrystals formed.
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Figure 4.3. Size histograms of nanocrystals synthesized wdiffegyent amounts of
excess CuCl, which were constructred from TEM insaigeFigure 4.1.

4.3.2 Crystal structure and composition of nanocrysls

The XRD patterns of the nanocrystals synthesizetth different amounts of
excess CuCl were shown in Figure 4.4a. This rexktidat while the nanocrystals had a
CulnSe chalcopyrite structure until the highest monodisjig point (45 % CuCl
excess), the crystal structure slightly changedbdythat point. In order to elucidate
the slight change in XRD peaks, the |, Il, andpdtterns indicated in Figure 4.4a were
enlarged in Figure 4.4b. Here, it is shown that platterns of 60 % and 75 % excess
CuCl had an explicit peak shift to a longer 2 thethich corresponds to Goe (cubic)
structure. It is presumed that the monodispersigak after 45 % excess CuCl is
attributed to the crystal structure change duesingua relatively large amount of CuCl
precursor. The patterns of 60 % excess CuCl shawnittle trace of CulnSecrystal

structure in addition to GB8e structure, possibly indicating a mixture of Cedn(small
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portion) and CpSe (large portion) nanocrystals. Figure 4.4c showsdmic
compositional ratios of corresponding nanocrystading EDS. They revealed a
transform of Cu:In:Se ratio from 1:1:2 ratio to Z:Xrom 0 % to 75 % of excess CuCl.
The EDS from 60 % confirmed that those nanocrystaigained a mixture of G8e and

CulnSe as previously implied in its XRD peaks in Figurdht
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Figure 4.4. (a,b) XRD and (c) EDS of the nanocrystals syn#eesusing different
amounts of excess CuCl. The stick patterns folcoparite (tetragonal)
CulnSe (JCPDS No. 040-1487) and cubicsSe (JCPDS No. 01-088-2043)
are provided for references in (a). (b) showsrgelhpeaks of I, II, and IlI
shown in (a), indicating an explicit peak shift+0 % and +75 % to a
longer 2 theta (Gi5e position). EDS also shows a significant chdraga
+60 %, finally having approximately 2:1:0 ratio©fi:In:Se at +75 %.
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4.3.3 Optical properties of nanocrystals

UV-vis absorbance spectra from the same sets obangstals were shown in
Figure 4.5. This also confirmed that the nanoaigstade by excess CuCl of +0 % and
+45 % showed the expected band gap energy of ~ltypMal of bulk CulnSg
However, the absorbance from +60 % and +75 % omdsekltra broad peaks at longer
wavelength (1000-1200 nm). This could be explaiasdh typical absorbance peak of

CuzsellS,llﬁ
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Figure 4.5. Room temperature UV-vis absorbance spectra op#nally clear
dispersion (in chloroform) of the nanocrystals sgsized using different
amounts of excess CuCl. The absorption edges-u#iiP6 correspond to
an optical gap of 1 eV (bulk Culn§ehowever, the broad absorbance peaks
of +60 % and +75 % indicate the existence ofS&u
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4.4DISCUSSION

4.4.1 Effect of excess CuCl on nucleation-growth pcess

084 the effect of excess

Based upon kinetics of colloidal nanocrystal foriom,
CuCl precursor on the formation of monodispersenSal nanocrystals was deduced.
The colloidal nanocrystal formation is mostly exp&d as a nucleation-growth
mechanism, comprising three reaction steps: (1) amam formation (P>-M), (2)
nucleation (xM-Cy), and (3) growth (&yM<C,.y) where P: precursor, M: monomer,
C: crystal. In order to obtain monodisperse naysiats, the nucleation reaction (2) has
to be retarded so that no preliminary nucleatiocucg before a burst nucleation.  After
a sudden nucleation where a large amount of ndafenr in a very short time, only
growth dominates without more nucleation processigwo a small amount of reactants
left (the reaction step (3)), leading a formatidmmnodisperse nanocrystals.

The separation of metal and selenium precursordtendse of oleylamine were
our efforts to satisfy the first mechanism (retéimta of nucleation). Note that
oleylamine effectively coordinates with each precuf” forming stable monomers in the
reaction step (1), and metal salt precursors alahisen source (selenourea) are initially
isolated and converted to a complex form with @eayihe in each reaction container in
order to well stabilize the monomers prior to fasiction.

In spite of this endeavor, the reaction step (M ssfficiently retarded in case of a
stoichiometric reaction of Culngeanocrystals. (See the polydisperse particlesgaré
4.1a) It is presumably because indium precursoreiatively reactive since indium
poorly forms a coordination complex rather thangmp However, if excess amount of
CuCl is added, the total portion of coordinateclftt) complex increases due to an
immediate formation of CuCl-oleylamine complex. uBhthe reaction step (2) could be

efficiently delayed by adding excess amount of CuCrhis is followed by high
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accumulated monomer concentration and subsequest bucleation, resulting in the
formation of monodisperse CulnS®anocrystals (Figure 4.1d). However, if the antoun
of excess CuCl was over a certain point (which @drmout to be 45 %), the
monodispersity was also broken (Figures 4.1f add)4possibly because too overloaded
CuCl made a different reaction process making Cl-crystal structure such asSe as

shown XRD and EDS data of Figure 4.4.

4.4.1.1 Effect of excess CuCl on nanocrystal shape

Not only size but also shape can be influenced digguan excess CuCl. The
trigonal pyramidal CulnSenanocrystals were revealed to contain three nemngda@fl4}
facets and one polar {112} facet by our grétip.Based upon that crystallographic
model, one can notice that the number of cationsdClIn) is larger than that of anions
(Se) on the nanocrystal surface. Therefore, moreuat of CuCl (or InG) might be
needed for the formation of the trigonal pyrami€@alinSe nanocrystals intrinsically
having cation-rich composition. This statement pgkusible since the Culnge
nanocrystals have a small size (~10 nm) where trgop of atoms on the surface is
significant. As a proof, it was shown in Figureel.that the number of triangular
particles was conspicuously lower when less amotiekcess CuCl was used. For the
case of large amount of excess CuCl, the portiomiardigular particles rather decreased

due to the same reason of the formation of diffenesterials as explained above.

4.5CONCLUSIONS

The effect of excess CuCl on the formation of masperse trigonal pyramidal
CulnSe nanocrystals was investigated. It was revealatl4h % excess CuCl lead the
most monodisperse trigonal pyramidal Culp8anocrystals in their size and shape. In

addition, the monodispersity trend was suddenlyngkd around 45 % of excess CuCl,
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accompanying with the transform of crystals streettrom CulnSeto CwSe. The

formation mechanism of monodisperse trigonal pydahiCulnSe nanocrystals was

suggested with regard to excess amount of CuClupec, based on the nucleation-

growth model of colloidal nanocrystal formation.
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Chapter 5: Wurtzite-Chalcopyrite Polytypism in Culn S, Nanodisks

5.1INTRODUCTION

The wurtzite Culng nanocrystals were synthesized via colloidal syithe
procedures by several research groip5®® However, there is still a need to obtain
refined nanocrystals with improved size and shaprol.

In this chapter, it is reported that monodispensé waurtzite Culng nanodisks
were synthesized. Wourtzite crystal structure ofnSp nanodisks were revealed by X-
ray diffraction (XRD) and high resolution transmdss electron microscopy (TEM) of
the CulnS nanodisks revealed a significant amount of polgtyp with most of the
nanodisks having domains of chalcopyrite Culm®erfaced with wurtzite CulnSacross
(002),/(112),, stacking faults. This is the first example of twite-chalcopyrite
polytypism in a I-lll-Vl, compound and is a consequence of the high sudezz to

volume ratio of the nanodisks and the colloidaltsgsis.

5.2EXPERIMENTAL SECTION

Copper(l) chloride (CuCl, Aldrich, 99.995+ %), indu(lll) chloride (InCk,
Aldrich, 99.999 %), Copper(ll) acetylacetonate @uac), Aldrich, 99.99+%), thiourea

(Fluka,>99.0 %), and oleylamine (Fluka) were purchasedusmed as received.
5.2.1 Nanocrystal synthesis

A mixture of 0.05 g of CuClI (0.5 mmol of Cu), 0.f@lof InCk (0.5 mmol of In),
0.076 g of thiourea (1.0 mmol of S), and 10 mL Eytamine is vigorously stirred (this
solution has a dark brown color) and degassedemahction flask for 30 minutes at 60°C

by pulling vacuum on a Schlenk line. The flaskhien filled with nitrogen and heated

T The contents of this chapter appeaChemistry of Materials 21(9), 1962-19662009
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to 240°C at a rate of 15°C/min. During the heapingcess, smoke begins to evolve at
about 200°C and the color turns a darker coloricatohg nanocrystal nucleation and
growth. After allowing the reaction to proceed fone hour, the reaction flask is
removed from the heating mantle and allowed to ¢coabom temperature. 30 mL of
ethanol is then added to precipitate the nanodsydtalowed by centrifugation at 7000
rpm for 3 minutes. The supernatant is discarddthe nanocrystals redisperse in a
variety of non-polar organic solvents, includindacbhform, hexane, and toluene. Prior
to characterization, dispersions are centrifugeairagt 6000 rpm for 1 min to remove
inadequately capped nanocrystals. A typical reacyields approximately 200 mg of

CulnS nanocrystals.
5.2.2 Characterization methods

Nanocrystals were imaged by scanning and transwnissiectron microscopy
(SEM and TEM). TEM images were acquired on a J2OLOF microscope equipped
with a field emission gun operated at 200 kV. TBEMmNples were prepared by drop-
casting from chloroform dispersions onto carbontedaNi TEM grids (200-mesh,
Electron Microscopy Sciences). The JEOL 2010F ma®xford X-ray energy dispersive
spectroscopy (EDS) detector, which was used fonetgal analysis. SEM images were
acquired with a Zeiss Supra 40 VP SEM at a workiolgage of 10-15 kV and working
distance of 6 mm.

XRD patterns were obtained from nanocrystal filimst were approximately 200
um thick on quartz substrates. A Bruker-Nonius D&8vaénce powder diffractometer
with Cu Ko radiation § = 1.54 A) was used with a scan rate of 6 deg/mif.01 deg

increments, collecting for 12 hr with that samgating at 15 deg/min.
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Room temperature UV-visible absorbance spectra wetlected on a Varian
Cary 5000 Scan spectrophotometer with samples isgein chloroform in quartz

cuvettes.

5.3RESULTS AND DISCUSSION

5.3.1 Synthesis of CulngNanodisks

Figures 5.1 and 5.2 show TEM and SEM images of GwnS nanodisks
synthesized by heating CuCl, In@ind thiourea in oleylamine at 24D, The nanodisks
are monodisperse with average diameter and thisko€43.4 nm and 5.7 nm. The
standard deviation about the mean diameter is #42.0The disk shape of the particles
is easily observed, as they either deposit flahuheir faces on the substrate or on their
sides, in some cases stacking face-to-face intonuod extended parallel to the substrate
(See for example Figures 5.1c, 5.2c and 5.2d). HBgure 5.3b) confirmed that the
nanodisks are composed of Cuin®ith Cu:In:S atomic ratios very near to 1:1:2.heT
optical absorption edge in the UV-vis absorbancecsp also corresponds to the

expected band gap energy of 1.53 eV typical of @dknS (Figure 5.4).
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Figure 5.1. TEM images of Culngnanodisks. The dimensions are 13.4 + 1.6 nm
(diameter) and 5.7 = 0.6 nm (thickness). The real ov(a) highlights a
region of nanodisks oriented on their sides andrttage in (c) shows many
nanodisks on their sides.
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Figure 5.2. SEM images of Culnfhanodisks on silicon substrates coated with either
(a,b) native oxide or (c,d) silicon nitride §8k). In these two cases, the
orientation of the nanodisks is different on thbstates, resting either on
their faces as in (a) and (b) or on their sideis &s) and (d).
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Figure 5.3. XRD and (b) EDS of Culnfhanodisks.
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The stick patterns for wurtzite

CulnSshown in (a) were calculated with the CaRIne Ctisgeaaphy 3.1
program using the following lattice parameters:cgpgrou, P63mc (No.
186) and unit cell dimensiorms=b = 3.897(3) Ac = 6.441(0) A)® The
Ni, C and Si signals in the EDS data are from tloked grid, the carbon

support and the background in the TEM.
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Figure 5.4. Room temperature UV-vis absorbance spectra op#nally clear
dispersion of CulnSnanocrystals in chloroform. The absorption edge
corresponds to an optical gap of 1.53 eV, whidatoissistent with bulk
CulnS.

5.3.2 Wurtzite CulnS, Nanodisks

The XRD patterns (Figure 5.3a) from the nanodikksyever, were characteristic
of a hexagonal wurtzite structure as opposed toettected tetragonal chalcopyrite
structure. Although the wurtzite phase was unexgecPangt al.?® has also recently
observed the formation of wurtzite Culn®anocrystals. The XRD pattern calculated
using the lattice parameters reported by RAaal.%° (space group: P63mc (No. 186) and
unit cell dimensionsa = b = 3.897(3) A,c = 6.441(0) A) gave a good maitch to the

experimental diffraction pattern, as shown in Fegr3a.

71



5.3.2.1 XRD comparison

Figure 5.5 shows a comparison of the experimentaDXpattern with the
simulated wurtzite CulnSpattern and other possible crystal phases, suchasopyrite
Culn& and impurities, like hexagonal €34 and hexagonal CuS. The experimental
diffraction patterns matches wurtzite Cujriihase, with the exception of a small peak at
20=32 that corresponds to the chalcopyrite (211) difftac peak, further verifying the

existence of the chalcopyrite phase in the nanadisk
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Figure 5.5. Comparison of an experimental XRD pattern withesal other possible
crystal phases. The colored and dashed linesgeaeferences for the
wurtzite and chalcopyrite Cula®hases. The red asterisk indicates a peak
corresponding to the (23 diffraction peak.

5.3.3 HRTEM analysis

The nanodisks were further studied by high resotufiEM. Figure 5.6 shows
TEM images of the nanodisks with two different atetions on the substrate. The FFT
of the image in Figure 5.6a corresponds to a drygth a hexagonal structure with the
nanodisk being viewed down the [001] zone axis, (tree c-axis of the wurtzite CulnS
crystal structure). The top and bottom faces efdisk are bounded by {002} planes, as
illustrated in Figure 5.6¢c. Similar crystallograplorientations have been observed for

CusS and CiS nanodisks with hexagonal crystal structifté’?
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Figure 5.6. TEM images of CulngSnanodisks with two different orientations on the
substrate: (a) lying flat and (b) standing on edgeéhe FFTs are consistent
with wurtzite Culn$: the (100) spots do not appear in the chalcopyrite
structure. (c) lllustration of the crystallograploirientation of the
nanodisks based on TEM images like those in (a)land

5.3.4 Polytypism of Culn$ nanodisks

Extensive TEM revealed that a significant amouncledlcopyrite Culngwas
also present in the nanodisks. We noticed thakstg faults were present in many

nanodisks imaged on their sides. A careful stmattanalysis of the TEM images
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showed that part of the crystal was actually in thalcopyrite phase. This was
surprising because XRD quite clearly showed that nlanodisks were composed of
wurtzite Culng.  But a more careful look at the XRD peak intaasitilso revealed that
wurtzite-chalcopyrite polytypism was present in te@mple. The diffraction peak
positions matched wurtzite CulpSbut the intensities of the peaks corresponding to
chalcopyrite—i.e., the wurtzite (002), (110), add Z) peaks—were slightly higher than
expected. Most nanodisks turned out to have dhystawurtzite domains interfaced

with chalcopyrite domains across (0Q2)12)y stacking faults, like the nanodisk in

Figure 5.7.
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Figure 5.7. (a) HRTEM image of the Cula®anocrystal with [-120] zone axis and (b)
FFT of the red square area in (a). The FFT showspte diffraction
spots (indicated by yellow arrows) from chalcopystructure at the lower
part. (c) A crystal model showing the {-120} wut&plane and its
equivalent {0-24} chalcopyrite plane. The crystaddels were generated
using Materials Studio and the angles betweercéaftlanes were calculated
by CaRIne Crystallography 3.1 program. (d) Magmifimage of the
region bordered by the red square in (a) with drmaesscale as the simulated
crystalin (c). (“w” and “ch” indicate wurtzite drchalcopyrite,
respectively.)

The crystal phase of the nanodisks is thereforet mosurately described as
polytypic, as both wurtzite and chalcopyrite crystal domagmexist within each
nanodisk. For example, the FFT in Figure 5.7b geed from the crystalline region
outlined by the red square in (a) has more spatlidated by the yellow arrows) than
expected for a wurtzite crystal imaged down the2@{lzone axis. These additional

spots arise from the change in crystal structuighdcopyrite across the stacking fault.

5.3.4.1FFT analysis

Figure 5.8 shows additional TEM images of polytypanodisks and Figure 5.9
shows another example of a nanodisk imaged ondées and the FFTs generated from

different positions of the crystal showing the witg-chalcopyrite polytypism.
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Figure 5.8. HRTEM images of Culnfhanodisks oriented on their sides, exhibiting
wurtzite-chalcopyrite polytypism.
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Figure 5.9. FFTs generated from a TEM image of a Culn&nodisk at the different
regions of the crystal outlined in red. The adudhi&il spots in the FFT arise
from the crystalline chalcopyrite domain ([0-24 heoaxis), indicated by
yellow arrows under the wurtzite domain.

It should be appreciated that the wurtzite-chalcio@ypolytypism can only be
observed in TEM images of nanodisks with particolaentations on the substrate. For
example, nanodisks oriented on their faces (like dhe imaged in Figure 5.6b) and
imaged down the [00]]zone axis appear to be single crystals as the)({Q22)
stacking faults within the interior of the nanodiste not visible when viewed in this
crystallographic direction. The stacking faulte anly observable when the crystal is

imaged down the [-12Q]zone axis.
5.3.5 Different Cu precursor effect

Culn& nanodisks with wurtzite crystal structure wereoatdbtained when the
synthesis was carried out using Cu(agait) place of CuCl as the Cu source.

(Copper(ll) acetylacetonate (Cu(aca®9.99+%) was obtained from Aldrich and used as
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received.) Figures 5.10 and 5.11 show TEM imadgeth® Culn$ nanodisks. The
high resolution TEM images (Figure 5.11) show ttie¢ nanodisks exhibit wurtzite-
chalcopyrite polytypism, but that the nanodisksikeitta larger presence of chalcopyrite
CulnS than the nanodisks made using CuCl. The relatitensities of the diffraction
peaks in the XRD data (Figure 5.12) are consisietht the conclusions drawn from the
TEM images. Specifically, the intensities of peaksaracteristic of the chalcopyrite
phase—which are those that overlap with the wef102), (110), and (112) peaks—are

more intense in the sample made with Cu(acathan nanodisks made with CuCl.

Figure 5.10. TEM images of wurtzite Culn$ianodisks synthesized using Cu(agat)
place of CuCl. The average diameteris 11.5 nm.
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Figure 5.11. HRTEM images of Culnfhanodisks synthesized using Cu(agac)
place of CuCl. The nanodisks exhibit wurtzite-cloglyrite polytypism,
but the chalcopyrite domains are more significarthese nanodisks, as also
confirmed by XRD.
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Figure 5.12. XRD of Culn$ nanodisks synthesized using either CuCl (blackejuor
Cu(acac) (pink curve) as the Cu source. The slight diffeesm relative
peak intensities of the two samples indicatestttmnhanodisks made with
Cu(acagare slightly richer in chalcopyrite content.

5.4CONCLUSION

In conclusion, a new synthetic route was develdpedl produced monodisperse
Culn& nanodisks. The nanodisks exhibited wurtzite-abyadte polytypism with the
coexistence of both wurtzite and chalcopyrite demmanterface across (0Q2(112)y
stacking faults. This is the first example of witg-chalcopyrite polytypism in I-l1ll-

VI, compounds that we are aware of.
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Chapter 6: Wurtzite CulnSe, and Cu(In,Ga;.,)Se (CIGS) Nanocrystals:
Synthesis, Structure, and Polytypism

6.1INTRODUCTION

Nanocrystals of CIGS materials are being developseda printable “solar
pigment.” A variety of CIGS nanocrystals have rgbe been synthesized and

prototype PVs have been made from these maté&tiais>!’

In some cases,
unexpected crystal structure has been obséf/éd' For example, Parf al. recently
found that their CulnSnanocrystals exhibited a wurtzite (hexagonal) tadystructure,
instead of the expected cubic ph&se.l have also observed wurtzite Cuini
nanocrystalé? This is very interesting, as the wurtzite phasendt stable at room
temperature in the bulk relative to chalcopyritel ather cubic phases such as sphalerite
or ordered vacancy compouffd. Wurtzite Culn$ occurs only as a high temperature
phase (1045-1096C).”° In contrast, wurtzite phases of CulaSmd CIGS are not
known to occur in the bulk, and have not been ateskin nanocrystafs

Synthetic routes for Culngeand CIGS nanocrystals have recently been

developed by several research grotif§: ¢>36>117-119

Alternative phases to
chalcopyrite have been observed in CulnSeanocrystals, such as sphalerite
(compositionally disorderetf) and ordered vacancy compounfishowever, wurtzite
crystal structure has not been obseffedIn this chapter, | report CulnSeand
Cu(IniGa.x)Se nanocrystals with wurtzite (hexagonal) crystalisture.

X-ray diffraction (XRD) revealed wurtzite crystatrscture in CulnSg and
Cu(InGa,.x)Se nanocrystals. Extenstive high resolution transmis electron

microscopy (TEM) imaging showed that the nanocigsta fact were polytypic,

consisting of both chalcopyrite and wurtzite crys&ructure within the same
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nanocrystals, similar to what | showed to be treeda Culn$ nanodisks® Elemental
mapping in the nanocrystals by nanobeam energyedisfe spectroscopy (EDS) line

scans revealed compositional variations betweeglthiopyrite and wurtzite phases.

6.2EXPERIMENTAL SECTION

Copper(l) chloride (CuCl, Aldrich, 99.995+ %), indn(lll) acetylacetonate
(In(acacy, Aldrich, 99.99 %), gallium(lll) chloride (Gag;l Aldrich, 99.999 %),
selenourea (ACROS, 99.9+ %), selenium (Aldrich,999%), and octadecylamine

(Aldrich, 97 %) were purchased and used as received

6.2.1 Nanocrystal Synthesis

In a typical wurtzite CulnSenanocrystal synthesis, a mixture of 0.05 g of CuCl
(0.5 mmol of Cu), 0.206 g of In(acacp.5 mmol of In), 0.123 g of selenourea (1.0 mmol
of Se), and 10 g of octadecylamine is vigorouslyest and degassed in the reaction flask
for 30 minutes at 80 °C by pulling vacuum on a 8chklline. (For the synthesis of
wurtzite Culn sGay.Se, 0.25 mmol of In(acag)and 0.25 mmol of Gaglare used and
for the synthesis of wurtzite CwlsGa) 4Se, 0.25 mmol of In(acag)and 0.375 mmol of
GaCk are used instead of 0.5 mmol In(agadgscribed above.) The solution color is
black. The flask is then filled with nitrogen aheéated to 240 °C at a rate of 15 °C/min.
During the heating process, smoke begins to evathabout 200 °C and the color turns a
darker color, indicating nanocrystal nucleation anolwth. After allowing the reaction
to proceed for one hour, the reaction flask is rezdofrom the heating mantle and
allowed to cool to room temperature. 30 mL of atilas then added to precipitate the
nanocrystals, followed by centrifugation at 700hrfor 3 minutes. The supernatant is
discarded. The nanocrystals redisperse in a yapétnon-polar organic solvents,

including chloroform, hexane, and toluene. Thepelisions are centrifuged again at
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6000 rpm for 1 min to remove inadequately cappetorystals. The washing process
is repeated in order to remove remaining reactandsby-products. A typical reaction

yields approximately 120 mg of wurtzite Culn®@nocrystals.
6.2.2 Characterization Methods

Nanocrystals were imaged by transmission electrarascopy (TEM). TEM
images were acquired on either a JEOL 2010F miopesequipped with a field emission
gun operated at 200 kV or an FEI Tecnai microsayated at 80 kV. TEM samples
were prepared by drop-casting from chloroform disjpas onto carbon-coated Ni TEM
grids (200-mesh, Electron Microscopy Sciences).e JEOL 2010F has an Oxford X-
ray energy dispersive spectroscopy (EDS) detestdrich was used for elemental
analysis. XRD patterns were obtained from nanadahfgms that were approximately
200 um thick on quartz substrates. A Bruker-Nonius D&lvénce powder
diffractometer with Cu K radiation & = 1.54 A) was used with a scan rate of 6 deg/min
in 0.01 deg increments, collecting for 12 hr wittatt sample rotating at 15 deg/min.
Room temperature UV-visible absorbance spectra waliected on a Varian Cary 5000

Scan spectrophotometer with samples dispersedanoébrm in quartz cuvettes.

6.3RESULTS AND DISCUSSION

6.3.1 Synthesis of wurtzite CulnSgNanocrystals

CulnSe and Cu(InGa.x)Se nanocrystals with wurtzite crystal structure were
synthesized by combining copper(l) chloride (CuCipdium(lll) acetylacetonate
(In(acacy), gallium(lll) chloride (GaG)), and selenourea in octadecylamine at air-free

conditions at 246C:
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e
CuCl + In(acac); (+ GaCly) + j\
H,NT NH,

octadecylamine> Waurtzite CulnSe,
240 °C or Cu(In,Ga,_,)Se,

Figure 6.1. Reaction scheme for wurtzite Culp®@nocrystal synthesis.

Note that similar reaction conditions, but with thge of elemental Se as the Se
source, leads to chalcopyrite Cula®@d CIGS nanocrystaf§?849°1-33117119 Tha yse
of selenourea was necessary to form wurtzite ngstais, as well as careful control of
the reaction procedure. But we had also previousmthesized monodisperse
chalcopyrite CulnSenanocrystals with a trigonal pyramidal shape htyaltly combining
metal precursors in oleylamine and subsequentlgcimg selenourea at a low
temperature, followed by heating to 24D°° Wurtzite CulnSgand CIGS nanocrystals
are obtained only when metal precursors and sefeao@re mixed together in
octadecylamine prior to heating.

Figure 6.2 shows TEM images of Culn@ad Culg §GaSe nanocrystals with
wurtzite crystal structure, synthesized by heatngtal precursors and selenourea in
oleylamine at 240 °C. Unlike CulnSeanocrystals synthesized by other methods, these
CulnSe nanocrystals have a disk-like shape (Figures &®b6.2c). Combining metal
precursors and selenourea may play a role to miaikedifferent shape of Culnge
nanocrystals. Similarly, we have found that the ofthiourea resulted in a disk shape
under a similar conditiof’. Their average diameter and thickness were 16.amir0.4
nm, respectively. The disk shape was confirmed B imaging of the substrate at

different tilt angles. Figure 6.3 shows a field@ilnSe nanocrystals imaged by TEM
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before and after tilting the sample. When the darnmas tilted by 123 the edges of
the particles appeared to overlap, indicating thatnanocrystals had a disk shape and

were oriented on their edges. This type of imagaysis has been used in the past to

§11,120

discern disks from rods in the past for a varidtgther material

Figure 6.2. TEM images of (a, ¢) Culngand (b, d) CulnsGa ;Se nanocrystals.
The CulnSenanocrystals were shaped like disks, with avedsg®meter of
16.7 nm and thickness of 9.4 nm. The GQYBe& 2Se nanocrystals had a
tapered bullet shape with average dimensions &f i (short side) and
16.9 nm (long side).
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Figure 6.3. TEM images of CulnSenanocrystals viewed with the substrate at differen
tilt angles. The nanodisks circled in blue arented on their edges.

Figures 6.2b and 6.2d show TEM images of GeB® 2Se (CIGS) nanocrystals
made by including a Ga reactant in the reactiorhesé CIGS nanocrystals have a
tapered shape, like a bullet. The average sitleeo€Culn Ga ,Se nanocrystals is 11.3
nm (short side) and 16.9 nm (long side). From EMBS8,Cu:In:Se composition of the
disk-shaped CulnSenanocrystals was 1:1:2 (atomic ratios) and tap#éredCu:ln:Ga:Se
ratio of the CulpsGa ;Se nanocrystals was nearly 1:0.8:0.2:2 in Figure 6#he band
gap energies determined from the absorption eddgéMvis-NIR absorbance spectra
were 1.036 eV and 1.136 eV, which correspondsde#tpected band gap energy of 1.04
eV and 1.13 eV typical of bulk Culnsend CulgGaySe (Figure 6.5}
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Figure 6.4. Atomic ratios of (a) CulnSe(b) Culn Ga sSe, and (c) CulasGay.sSe
nanocrystals measured by EDS. Averaged ratiossexaral nanocrystals
are nearly (a) Cu:In:Se=1:1:2, (b) Cu:Iln:Ga:Se=8t@2:2, and (c)
Cu:ln:Ga:Se=1:0.6:0.4:2, respectively. The Ni,nd &i signals are from
the nickel grid, the carbon support and the baakgian the TEM.
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Figure 6.5. Room temperature UV-vis-NIR absorbance spect@uihSe and
Culny §Gay 2Se nanocrystals dispersed in chloroform. The abswmpt
edges correspond to optical gaps of 1.04 and NM]Bespectively.

6.3.2 Wurtzite crystal structure

XRD (Figure 6.6) revealed that the nanocrystals &adurtzite crystal structure.
EDS confirmed that the nanocrystals were compode€uwnSe and CIGS. The
wurtzite (100), (101), and (103) peaks were wedsethe Culp sGa ,Se; nanocrystals
(Figure 6.6b) than the CulnSeanocrystals, but were still apparent. The (Q@2ak
positions from the CulnSeand Culp sGa ;Se nanocrystals are compared in the inset in
Figure 6.6. The (002) peaks appear at higher 2tloetthe nanocrystals with higher Ga
content, consistent with the expected smallerclatipacing. CIGS nanocrystals with
higher Ga content were also synthesized—g4@ia sSe nanocrystals—and the XRD
patterns also showed these materials to have weurtzystal structure (Figure 6.6c).

See the TEM image of the nanocrystals in Figure 6The reference peak positions for
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the (002) peaks from CwiGa ,Se and Culg Gay sSe were determined as a function
of Ga composition (red and blue vertical lines imiaset of Figure 6.6) using Vegard’s
law, using the (112) peak positions of chalcopy@i@nSe (JCPDS#00-040-1487) and
Culng GasSe (JCPDS#00-035-1102). The (112) peak positionshef chalcopyrite

compounds are equivalent to the (002) wurtzite ppesitions.
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Figure 6.6. XRD of (a) CulnSg (b) CulnGa.Se, and (c) CulpGay.sSe
nanocrystals. The stick patterns for wurtzite Ggrshown were
calculated with the CaRIne Crystallography 3.1 paogwith space group,
P63mc (No. 186) and unit cell dimensians b = 4.085(8) Ac = 6.676(5)
A). (Inset) Magnification of the (002) peaks comgmhto the expected
peak positions based on Vegard’s law using 112 peakions of
chalcopyrite CulnSg(JCPDS#00-040-1487) and Cuida sSe
(JCPDS#00-035-1102).
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Figure 6.7. TEM image of CulasGa sSe nhanocrystals.

6.3.3 HRTEM analysis

Figures 6.8a and 6.8b show high resolution TEM iesagf the CulnSe
nanodisks with two different orientations on théswate. The FFT of the image in
Figure 6.8a corresponds to a crystal with a wwetfhexagonal) structure with the
nanodisk being viewed down the [001] zone axis, (ileec-axis of the wurtzite CulnS$e
crystal structure). The (100) spots in the FFT rda appear in the chalcopyrite
structure. Figure 6.8b shows [002] growth diretffthickness direction) of the CulnSe

nanodisks. The top and bottom faces of the diskbaunded by wurtzite {002} planes.

6.3.3.1 Polytypism of nanocrystals

Figure 6.8c shows that the CulnS$mnodisks exhibit structural polytypism, with
both wurtzite and chalcopyrite domains in the saraeocrystal, similar to we observed
recently in the case of CulpShanodisks synthesized using metal chlorides and
thiourea’® The wurtzite (002), (110), and (112) peaks—caoesing to

chalcopyrite—in the XRD patterns have a highernsity revealed the presence of

93



wurtzite-chalcopyrite polytypism in the same wapwh in the case of wurtzite CulpS
nanodisks. Polytypism was also observed in bshetped CulfsGay ;Se hanocrystals.
Figure 6.8d shows a CuwlsGa Se nanocrystal with both wurtzite and chalcopyrite
crystal domains. The CweGa Se nanocrystals exhibited regions with significant
amounts of twinning, which was not observed in tBalnSe nanodisks. The
nanocrystal in Figure 6.8d when viewed down th@@}l, zone axis shows the wurtzite-
twinning-chalcopyrite polytypism. In Figure 6.88e yellow arrows in the FFT point to
the diffraction spots corresponding to the chalew@ydomain of the nanocrystals, the
pink arrows point to the diffraction spots assamatvith the twin planes. Since the
twinning structure has smaller number of stackiaglté in chalcopyrite than wurtzite
(Note that chalcopyrite-~ ABCABCABCABC, twinning — ABCABC/BACBA, and
wurtzite — AB/AB/AB/AB/AB/AB. “I" indicates a stacking faul}, the XRD patterns
of CulnysGay,Se nanocrystals showed stronger peaks corresponainchalcopyrite
than CulnSg nanodisks. Additional HRTEM images of polytypicul8Se and

Culny §Gay 2Se nanocrystals are shown in Figures 6.9 and 6.10.
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Figure 6.8. HRTEM images and associated Fast Fourier tramsfgFFTs) of (a-c)
CulnSe nanodisks and (d) CuwgGa .Se; nanocrystals. (a) and (b) show
CulnSe nanodisks with two different orientations on tlhbstrate. (c) and
(d) showed HRTEM images and FFTs with [-12@pne axis of CulnSe
and Culn sGa -Se nanocrystals, respectively. The FFT shows maeltipl
diffraction spots, where yellow arrows indicatelciopyrite structure at the
lower parts of both and pink arrows revealed twagnstructure at the
middle part of CulpsGa :Se nanocrystals. ("W”, “C”, and “T” indicate
wurtzite, chalcopyrite, and twinning, respectivgly.
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Figure 6.10. HRTEM images showing polytypism of wurtzite CgdGa .Se
nanoparticles.
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6.3.4 Compositional analysis

The compositional profiles along the length of indual nanocrystals were
determined by STEM-EDS mapping. Drift correcte@cpum profiles were obtained
by initially selecting a reference area in STEM gwaand regulating the scanning
direction not to stray from the reference area. is Teéchnique was used in my previous
work!®?  Figure 6.11 shows EDS line scans of two differeanocrystals. The
composition along the length of the nanocrystalelatively uniform, as expected, with
stoichiometric ratios of Cu:ln:Se=1:1:2 for CulnSand Cu:ln:Ga:Se=1:0.8:0.2:2 for
CulngGay2.Se when averaged through the whole nanocrystal. Kewecloser
examination revealed a slight difference in comppmsibetween the chalcopyrite and
wurtizite domains. One part of the nanocrystaslightly Cu-rich (~10.3%) and the
other part is slightly In-rich (~11.4%). It turnedt to be relatively easy to correlate the
measured composition profiles with the crystal ctite, because the shape of the
nanocrystals was influenced by the crystal strecturFor both the Culn$eand
Culny §Ga 2Se nanocrystals, the chalcopyrite domains exhibitigaiicant tapering in
their diameter, whereas the wurtzite domains hask.le In the CulpsGaSe
nanocrystals, the wurtzite part of the nanocrystald uniform diameter. This enabled
an easy determination of the chalcopyrite and viterdomains in the nanocrystal that
could be correlated with the EDS maps, without tieed to resolve the lattice with
HRTEM. In fact, EDS line scans after HRTEM imagimaf very low intensity possibly
because a previous electron beam transmission ghrthe nanoparticles consumed a
significant amount of X-ray emission, prior to ogégmg EDS line scans (Figure 6.12).
The chalcopyrite domains were found to be sligltly-rich (~10.3%) and the wurtzite
domains were slightly In-rich (~11.4%). This is spibly due to the surface

reconstruction of CulnSerystal facets, such as Cu-on-In (or In-on-Cu (Ir,).**
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Figure 6.11. (a) lllustration showing a relation between shape crystal structure, (b)
Z-contrast images obtained by high angle annulds fisld (HAADF)
scanning transmission electron microscopy (STEMJ, @) EDS line scans
of CulnSe nanodisks and CurGay ;Se nanocrystals viewed in their

The average atomic ratios obtained from Hi#Sscans were close

sides.

to corresponding stoichiometric ratios.

Howevanare careful look

showed that chalcopyrite parts were Cu-rich andziterparts were In-rich
in general.
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Figure 6.12. EDS line scans after HRTEM imaging. Each figsinews EDS line
scans and corresponding HRTEM and Z-contrast imafeslytypic

wurtzite CulnSenanocrystals. It is shown that the EDS signaht®after
HRTEM imaging were relatively low (<10).

6.4 CONCLUSIONS

In summary, we have observed wurtzite crystal stinec in CulnSg and

Cu(InGa.x)Se nanocrystals. The nanocrystals exhibit wurtzitelcopyrite
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polytypism as we recently observed in the Culm@nodisks? EDS line scan was
performed to reveal a slight deviation of atomienpmsition ratio in individual Culnge

and CIGS nanocrystals.
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Chapter 7: Conclusions and future research directios

7.1 CONCLUSIONS

7.1.1 CdTe/CdSe/CdTe heterojunction nanorods

Chapeter 2 showed that the rates of heterojunatiendiffusion and coalescence
of CdTe/CdSe/CdTe nanorods were reported and caugarmodel predictions. The
Se and Te composition profiles were mapped in iddad nanorods aged in hot solvents
for different amounts of time to determine the TeddSe diffusion coefficient and
evaluate the influence of strain on the interdiffasrates across the heterojunctions.
Although there is strain at the epitaxial CdTe/Cd8erface due to the lattice mismatch,
this strain does not appear to influence the rafeeSe interdiffusion. The measured
rod-to-sphere coalescence rates were comparedtds paedicted using a continuum
viscous flow model for nanorod-to-sphere coaleseen&e and Te interdiffusion rates
appear to be independent of strain at the CdSe/@d&dace and the continuum model

gives a reasonable approximation to the measura@dszence rates.

7.1.2 CulnSe nanocrystals

7.1.2.1 Synthesis and characterization

In Chapter 3, it was shown that monodisperse Culn&mocrystals were
synthesized. They exhibit a trigonal pyramid shagea result of their chalcopyrite
crystal structure and the corresponding surfaceetfgmlarity. Oleylamine is an
effective capping ligand to control CulnSeanocrystal growth, but when present in
excess in solution it can also etch the nanocrgstdaces. When dropcast onto carbon
substrates, the nanocrystals deposit on their (kl4jaces and form close-packed

monolayers with triangular order. When dropcastsditon substrates (with native



oxide), the nanocrystals do not exhibit the sanoetfaelective deposition and do not

form ordered monolayers.

7.1.2.2 Effect on monodispersity

Chapter 4 suggested that how excess CuCl couldctaffee formation of
monodisperse trigonal pyramidal CulaSeanocrystals. It was revealed that 45 %
excess CuCl lead the most monodisperse trigonahpgial CulnSgnanocrystals in their
size and shape. In addition, the monodispersépdrwas suddenly changed around
45 % of excess CuCl, accompanying with the tramsf@f crystals structure from
CulnSe to CuSe. The formation mechanism of monodisperse tabgryramidal
CulnSe nanocrystals was suggested with regard to examssirg of CuCl precursor,

based on the nucleation-growth model of colloidalacrystal formation.

7.1.3 Wurtzite CulnS; and CulnSe nanocrystals

Chapters 5 and 6 showed that wurtzite-type I-ll}-\flanocrystals were

synthesized.

7.1.3.1 Wurtzite Cul nS; nanodisks

A new synthetic route was developed that producemhadisperse CulnS
nanodisks as shown in Chapter 5. The nanodisksbigeth wurtzite-chalcopyrite
polytypism with the coexistence of both wurtzitedachalcopyrite domains interface
across (002)(112) stacking faults. This is the first example of tzite-chalcopyrite

polytypism in I-1l1I-VI, compounds that we are aware of.

7.1.3.2 Wurtzite Cul nSe; andCu(l nyGai-x) Se2 nanocrystals

It was observed that CulnSeand Cu(lRGa-x)Se nanocrystals had wurtzite
crystal structure as shown in Chapter 6. X-rayralition (XRD) revealed wurtzite

crystal structure in CulngSeand Cu(lnGa-)Se nanocrystals. Extenstive high
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resolution transmission electron microscopy (TEMpaging showed that the
nanocrystals in fact were polytypic, consistingboth chalcopyrite and wurtzite crystal
structure within the same nanocrystals, similavkat | showed to be the case in CulnS
nanodisks. Elemental mapping in the nanocrystglsndnobeam energy dispersive
spectroscopy (EDS) line scans revealed compositioraiations between the

chalcopyrite and wurtzite phases.

7.2FUTURE RESEARCH DIRECTIONS

7.2.1 Model for coalescence and interdiffusion

Although the continuum model suggested for theesnce and interdiffusion
of CdTe/CdSe/CdTe heterostructures gives a reakomagiproximation to the measured
coalescence rates, there are many questions thainmeto be answered about the
coalescence rate of non-spherical nanocrystalssghM@quire more accurate predictive
models for coalescence that can be compared gitectixperimental measurements such
as these. For example, how significantly do the@pegay ligands influence the
coalescence rates? The adsorbed capping ligand#dslower the nanocrystal surface
tension:*> which should in turn slow the coalescence ratehe Tole of the ligands in
slowing nanorod coalescence could be particulartBuential in situations in which
nanocrystals aggregate into linear chains, aserotiented attachment mechani$t*

In the case of the CdTe/CdSe/CdTe nanorods studiesl the phosphonic acid ligands
adsorb more strongly to the non-polar side fad&in the polar surfaces at the ends of the

nanorodst?>1%

which may further stabilize the rod shape by lamgthe surface tension
on specific crystal facets. More accurate, prégdctnodels of chemical and physical

transformations in nanocrystals, such as the coaeg and atomic interdiffusion studied
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here, are needed; however, it appears that relatsienple continuum models can

nevertheless provide some rough guidelines for fagivthese processes occur.

7.2.2 Photovoltaic nanocrystal synthesis

An eventual goal for I-11l-V4 nanocrystals is to establish low-cost photovoltaic
devices. Our group has been exploring this aned,led a reasonable efficiency with
CulnS, CulnSe, and Cu(lRGa-xSe (CIGS) nanocrystal inks for printable

photovoltaics as shown in Figures 7.1 and®¥.2.

100°m { -

Figure 7.1. TEM image of CulnSenanocrystals. Courtesy of M. G. Panthetral .,
Journal of the American Chemical Society, 130, 16770, 2008.
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Figure 7.2. Current-voltage characteristics of a CulpBanocrystal PV device.
Courtesy of M. G. Panthaai al., Journal of the American Chemical
Society, 130, 16770, 2008.

In addition to make Cu(In,Ga)S€CIGS) nanocrystals, it will be also interesting
to determine if more complicated chemistry is passiusing synthetic approaches
similar to those reported here; for example, athesynthesis of CZTS materials, like
CwZnSnSe, which are also potential candidates for phot@toltevices. In fact, our
group also has succeeded in synthesizingz@8nSe nanocrystals and applying those

nanocrystals to photovoltaic devices, as showrignres 7.3 and 7.4’
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Figure 7.3. TEM image of CeZnSnSeg nanocrystals. Courtesy of C. Steinhagen
al., Journal of the American Chemical Society, 131, 12554, 2009.
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Figure 7.4. Current-voltage characteristics of a CZTS nanstafyPV device. Inset:
room-temperature UV-vis-NIR absorbance spectru@4F S nanocrystals
dispersed in toluene. Courtesy of C. Steinhagah, Journal of the
American Chemical Society, 131, 12554, 2009.

7.2.3 Mechanism study for monodisperse nanocrystals

In the Chapter 4, | discussed the effect of exc€s€l precursor on the
monodispersity of trigonal pyramidal CulnSsanocrystals. However, it is known that
diverse variables such as reaction condition (teatpes, time, and sequence), kind of
precursor and capping ligand, precursor and monocpecentration, and reactivity
among the reactants can affect a nucleation-grgatitess for colloidal nanocrystal
formation. Moveover, it was, very recently, aldoown that other factors such as

sensitivity of selenourea could hinder the formatiof monodisperse Culnge
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nanocrystals. Further study on these is needed @bear understanding of variables to

affect the monodispersity.
7.2.4 Phase behavior and crystals structure of nanoystals

The phase behavior and crystal structure of nastatyne materials are known
to differ in some cases from bulk materials, ashia case of Co nanocrystals with an
unusual e-phasé®*?®!?° AginSe, nanorods with a new orthorhombic ph&¥eand
CulnS with an unexpected wurtzite phaSe. The wurtzite-chalcopyrite polytypism
observed here for CulaSand CulnSg nanodisks provides another example of
unexpected phase behavior. Another important feattinanocrystals is their ability to
accommodate significant amounts of lattice straimeerfaces, which leads to different
defect formation mechanisms than in bulk matefifis/**?and may provide another
reason why these nanodisks exhibit wurtzite-chaldt® polytypism that is uncommon

in bulk or thin film materials.
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