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Examples of Application of Phase Analysis in Forensic Practice - 3

PRIKLADY APLIKACE FAZOVE ANALYZY VE FORENZNIi PRAXI - 3
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At world market can be currently encountered a wide range
of objects that are incorrectly declared, treated, or it con-
cerns completely different materials that try to copy com-
modities more or less successfully. Materials in question
are made using the latest technologies, however, only sim-
ple equipment is not sufficient to identify the true state of
objects.

Uvod

Na svétovém trhu se lze aktualné setkat s velmi Sirokym
spektrem objektt, které jsou chybné deklarované, upravo-
vané (treatment), nebo jde o zcela jiné materialy, které
originalni komodity s vét§im ¢i mensim Gspéchem napodo-
buji. Casto jde o materialy vyrobené pomoci nejmoder-
néjsich technologii, kde ke zjisténi pravého stavu véci
nepostacuje jen jednoduché vybaveni.

Metodika

Zakladnimi technikami analyzy jsou opticka polariza¢ni
mikroskopie, SEM/EDS/WDS, XRD, Ramanova spektro-
skopie a dalsi metody. Pomoci optickych metod lze identi-
fikovat fadu syntetickych materialti, které jsou dekla-
rovany jako pfirodni, pomoci studia mineralnich a techno-
logickych inkluzi, plynokapalnych uzavfenin a vnitinich
struktur. Technika je také ve vétSiné pripadd dostacujici
pro prokazani pravosti vitavin, které jsou v brousenych
kamenech casto nahrazovany sklem. U néekterych mate-
riald chemicka analyza selhava, protoze syntetiky maji
slozeni identické s piirodni fazi. Pfirodni vitaviny obsahuji
lechatelieritové inkluze, které se v nahradach nevyskytuji a
které 1ze relativn¢ dobte prokazat optickym mikroskopem.

Pro nékteré materidly je vyhodné vyuziti mikro-
spektrofotometrie, kterd mize napomoci k odliSeni fazi,
které maji pfesn¢ definovanou barvu. Jedna se napt.o tzv.
eské granaty (Cesky granat a Cesky granatovy $perk jsou
celosvétové velmi znamé a jsou chranény Utadem pri-
myslového vlastnictvi pod &isly 80 - “Cesky granat” a 81 -
“Cesky granatovy $perk”). Mineralogicky se jedna o
granaty s vyraznou pievahou pyropové slozky, stabilnim
obsahem chromu a hot¢iku, pochazejici z teritorialné velmi
omezeného uzemi, které jsou charakteristické svou temné
cervenou barvou (oznacovanou n¢kdy jako tzv. ,barva
holubi krve®). Pro prvotni rychlou orientaci v analyzo-
vanych materidlech se v praxi velmi dobie osvédcilo
kvantitativni méfeni barevnosti. Protoze reprodukovatelné
méfeni brousenych kamend zasazenych ve $percich neni
zcela trivialni, bylo testovano nékolik mikrospektro-
fotometrickych systému - s pouzitim optickych mikros-
kopt, pfimé makroskopické méfeni se vstupni pupilou

svétlovodu pfiblizenou k méfenému objektu, i méteni s
pouzitim integracni koule ,,Labshere®. Vyznamné je foku-
sované osvétleni jen casti kamene, pro minimalizaci
reflexi. Byla testovana fada spektrometri — napi. fy
Avantes — AvaSpec 2048, a dalsi, Stellarnet — Black Comet
CXR, Carl Zeiss MCS UV/NIR USB, ectc. Vysledky
ukazuji, Ze citlivost spektrometrti se v jednotlivych ¢astech
spektra vzajemné lisi a pro praxi je mozné komparovat
vzdy jen méfeni provedena na identickém zafizeni.

Pro studium chemického slozeni jsou nejcastéji vyuzi-
vany systémy SEM/EDS/WDS a XRF/mikroXRF. Pfi ana-
Iyzach facetovanych kamenti zasazenych ve Spercich na
systémech SEM mize byt v nékterych piipadech kriticka
jednak homogenita signalu v ploSe pfi nestandardnich
pracovnich vzdalenostech, tak i pozice analyzované plochy
vici detektoru SEM a ohledem na aplikaci ZAF korekei.
Provedené experimenty ukazaly, ze rozdily ve vysledcich
kvantitativni analyzy homogenniho materialu, provadéné z
plosek, které maji rizné geometrické pozice vici detektoru
mohou ¢init az desitky procent. VSechny tyto faktory lze
samoziejm¢ korigovat, ale obsluha systému nesmi k
analyze pfistupovat postupem ,,jeden stisk tlacitka vede ke
kompletnimu vysledku®.

Pro kalibrace kvantitativni analyzy jsou nezbytné
standardy. Pfi jejich testovani se bohuzel trvale ukazuje, ze
nékteré nemusi byt pfili§ kvalitni a to i od renomovanych
dodavateld. Byly zjistény napt. zbytky lesticich praska
zasekané do povrchu mékkych material, které mohou
velmi zkreslit nasledné pouziti standardu, nehomogenita,
apod.

Pomérné casté jsou upravy gemologickych objektd
spocivajici ve vyplni mikroprasklin sklem s vysokym
indexem lomu. Jedna se o upravy, které nejsou zakazany,
ale musi byt u kamene deklarovany, coz se bohuzel velmi
Casto ned¢je. Tyto zasahy lze velmi dobie dokumentovat
pomoci plosného mappingu pomoci SEM/EDS, popf.
mikroXRF.

Pro pomoc pfi, v nékterych piipadech problematické
klasifikace perel (zejména rozliSeni tzv. pfirodni versus
cultivated pearls, které se velmi vyrazné li§i cenou, ale
mohou mit stejné slozeni povrchu i1 mikroskopické
povrchové charakteristiky) byly testovany moznosti rent-
genového prusvitu. Byla vyvinuta metoda rentgenového
prasvitu, ktery je mozné realizovat i na stolnich XRF
zafizenich s transmisnim detektorem.

Zavér

Provedené experimenty prokazaly, ze pro odliseni moder-
nich sofistikovanych imitaci gemologickych objektl
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nepostacuje jen prosta lupa, coz si néktefi gemologové
stale plné nepfipoustéji. Kromé vyse uvedenych technik
jsou vyuzivany i dalsi postupy — FTIR, XRD, mikroXRD,
atd.

Podvody se zaménou piirodnich kamentl za jejich
imitace jsou bohuzel velmi Casté. Pfi jedné kontrolni akci
Ceské obchodni inspekce provedené ve 3 méstech Ceské
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republiky byly, pfi naslednych expertizach Sperka
odebranych pii kontrolnich nakupech, zjistény ve 100%
pripadt kameny, které byly chybné¢ deklarovany. Bud’ se
jednalo o jiné drahé kameny, ¢i syntetické imitace, které
byly vydavany za ptirodni materialy.
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Abstract

Active layer in organic solar cells is bulk heterojunction
consisting of a fullerene (acceptor) and a polymer (donor).
As the diffusion length of the photon-generated exciton is
very short, the size of polymer and fullerene domains has to
be minimized by processing the polymer:fullerene blend in
solvent vapours (solvent annealing). This is an unavoid-
able preparation step of the solar cell. Here, we present an
in-situ real-time tracking of the phase separation between
P3HT polymer and PCBM fullerene during solvent anneal-
ing by simultaneous GISAXS and GIWAXS measure-
ments using the latest generation table-top high-brilliance
X-ray source. We identify fullerene agglomeration and
polymer crystallization to be the driving forces of the pro-
cess. Being performed in laboratory instead at a synchro-
tron beamline, we demonstrate by this study also the
potential of this approach to provide a handy feedback for
technology development.

Introduction

Organic photovoltaics is attractive because of low cost of
input materials and possibility to apply the roll-to-roll fab-
rication technology on flexible substrates. The active layer
is a bi-continuous network of fullerene (acceptor) and
polymer (donor) that is called bulk heterojunction (BHJ).
As photon-generated electron-hole pair (exciton) diffusion
path is very short (=10 nm), the exciton must reach the
polymer/fullerene interface fast to be dissociated into free
hole and free electron before recombination occurs. There-
fore, the size of polymer and fullerene domains in BHJ has
to be very small. Refinement of BHJ morphology is
achieved by processing the polymer:fullerene blend in sol-
vent vapours (solvent annealing). To optimize this prepara-
tion step of solar cell, the underlying mechanism has to be
studied in detail. In this contribution, we present an in-situ
real-time tracking of the phase separation between polymer
and fullerene during solvent annealing by simultaneous
measurements of the grazing-incidence small-angle- and

grazing-incidence wide-angle X-ray scattering (GISAXS,
GIWAXS). A blend of poly(3-hexylthiophene-2,5-diyl)
(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) dissolved in dichlorobenzene was used.

Experimental details

The GISAXS and GIWAXS measurements were done si-
multaneously on a custom-designed Nanostar device
(Bruker) equipped with a table-top Ga liquid metal-jet
X-ray source Excillum at 0.134 nm wavelength (Fig. 1).
The collimated X-ray beam of 0.5 mrad divergence exiting
Montel optics (Incoatec) was shaped by a pinhole
collimator to a diameter of 550 um, the output photon flux
being 3x10® photons/s. The incident angle of X-ray beam
on the sample was set to 0.2°. The GIWAXS was measured
by a one-dimensional (1D) X-ray detector Mythen
(Dectris) oriented perpendicular to the sample surface with
the exposure time of every pattern set to 2.5 s. The
GISAXS was measured by a two-dimensional (2D) X-ray
detector Pilatus 300K (Dectris) with the exposure time of
every pattern set to 10 s. The GISAXS flight tube was fully

Figure 1. Nanostar device equipped with a table-top Ga liquid
metal-jet X-ray source Excillum.
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Figure 2. Temporal evolution of the PCBM cluster growth and its
JMA fit. The upper horizontal axis refers to the increasing concen-
tration of solid content in the blend due to the solvent evaporation
during solvent annealing.

evacuated. The sample was prepared from a mixture of
P3HT and PCBM in 1.5:1 wt/wt ratio dissolved in
dichlorobenzene at a concentration of 2 wt%. 50 pL of the
blend was spin-coated onto a pre-cleaned silicon substrate
at a rate of 15 rps for a time duration of 15 s. The sample
was subsequently mounted on a pre-aligned hexapod with
six degrees of freedom. The solvent annealing was realized
by covering the sample by a Petri dish equipped with two
X-ray transparent windows. The X-ray detectors were
manually triggered at the start of solvent annealing. Re-
peated collection of the GISAXS and GIWAXS patterns
during solvent evaporation provided a “movie” of the
phase separation in reciprocal space.

GISAXS and GIWAXS analyses

Temporal evolution of the radius of gyration R, during sol-
vent annealing derived from GISAXS Guinier plots shows
an initial abrupt increase followed by approaching to satu-
ration (Fig. 2) that is attributed to growth of PCBM clus-
ters. In a particular case of spherical PCBM clusters, the
cluster radius R =+/5/3R .~ The clusters are detectable

above 7 wt% of solid content and their growth starts to sat-
urate above 10 wt% (Fig. 2). If we assume a constant num-

(a)
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intensity
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ber of the growing PCBM clusters after they emerge in
GISAXS pattern, a fit of the temporal evolution of the ra-
dius of gyration based on Johnson-Mehl-Avrami (JMA)
equation (Fig. 2) provides PCBM solubility limit 7.1 +
0.1 wt% and the rate constant of PCBM cluster growth (33
+2)x 10% 7.

The final GIWAXS pattern of the dried P3HT:PCBM
blend on solvent annealing confirms presence of the crys-
talline P3HT lamellar phase with the edge-on lamellae ori-
entation in P3HT domains (Fig. 3a). Temporal evolution of
the area under P3HT 100 diffraction peak along g, axis dur-
ing solvent annealing, that is proportional to the growing
volume of P3HT crystalline phase, was analyzed within
JMA formalism, revealing two rate constants. The first
stage of P3HT crystal growth is completed by solvent
evaporation, the rate constant being (10 +2) x 107 s, The
Avrami exponent close to 2 indicates heterogeneous nucle-
ation with 2D crystallite growth [1]. The second stage is
characterized by a much smaller rate constant (20 £ 7) x
10* s, being dominated by a gradual slow release of resid-
ual solvent molecules. Both stages are manifested also in
dyoo lattice spacing evolution (Fig. 3b). GIWAXS cannot
provide any information on PCBM as its diffraction ring is
overlaid by a strong diffraction of the solvent.

A concept of Porod invariant [2, 3] was applied to eval-
uate intermediate stage of phase separation between the ini-
tial PCBM agglomeration and final P3HT crystallization.
In particular, the temporal evolution of a quantity

[a*1(a)dq

o) =4 (1
[a*1(a)dq
02

was evaluated from the in-situ measured GISAXS patterns.
Here, /(q) is a lateral cut of GISAXS pattern at the critical
angle that exhibits an interference peak from = 900 s of sol-
vent annealing, ¢°I(¢) is Kratky plot and the integration in
numerator and denominator of eq. (1) runs over a selected
QI range around the expected or already present interfer-
ence peak and over the total Q2 recorded range, respec-
tively. Therefore, @(#) provides information on a fraction
of the sample volume coherently scattering into the se-
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Figure 3. (a) GIWAXS pattern of P3HT:PCBM blend taken ex-situ on solvent annealing and (b) temporal evolution of the position of
100 diffraction peak of P3HT along ¢. axis and the corresponding interplanar spacing derived from the in-situ measured GIWAXS pat-

terns during solvent annealing.
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Figure 4. Scenario of solvent annealing based on GISAXS and GIWAXS

results.

lected Q1 range of reciprocal space at a given moment ¢ of
solvent annealing, being independent of a continuously
changing electron density in the irradiated volume due to
solvent evaporation. It is a true fingerprint of the phase sep-
aration between P3HT and PCBM that controls the final
BHJ morphology.

Discussion and conclusions

Putting together GISAXS and GIWAXS results, scenario
of solvent annealing can be divided into 5 principal stages
(Fig. 4). At stage I, P3HT and PCBM molecules are ran-
domly distributed in the solution and no phase separation
proceeds, @(7) being constant. The phase separation driven
by agglomeration of PCBM molecules into fast-growing
clusters, as evidenced by increasing radius of gyration R,,
is observed at stage II when @(7) steadily increases. At
stage III, the cluster growth is slowed-down but the in-
crease of d(f) ratio continues without a visible slope
change. Presumably, P3HT molecular chains are stretching
and ordering during solvent evaporation. This facilitates

release of PCBM molecules from P3HT-rich domains
and prepares P3HT crystallization that is observed
from stage V. Being longer than two previous ones,
stage III is the most important for formation of a fine
and thermodynamically stable BHJ morphology.
Stage 1V is dominated by an abrupt decrease of dq
spacing as a marker of P3HT crystallization that is
well correlated with a steep increase of ®(¢). Hence,
P3HT crystallization is the driving force of phase sep-
aration at stage I'V. Stage V is characterized by a slow
saturation of ®(f) ratio suggesting the end of phase
separation that is controlled by a slow release of resid-
ual solvent molecules.

Summarizing, we presented an in-situ comprehen-
sive study comprising all relevant stages of phase sep-
aration during solvent annealing of a prototypical
P3HT:PCBM blend that is used as active layer in or-
ganic solar cells. The solvent annealing was done in
the same way as that used for standard preparation of
organic solar cells. The latest generation table-top
high-brilliance X-ray source allowed simultaneous
GISAXS and GIWAXS measurements of the process in
real time. Hence, our work demonstrates a general possibil-
ity of such in-situ GISAXS and GIWAXS laboratory stud-
ies of organic and hybrid solar cells as viable pre-screening
techniques for everyday use before more sophisticated
X-ray scattering experiments at synchrotron beamlines are
undertaken.
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