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High n-type and p-type conductivities and power
factors achieved in a single conjugated polymer

Zi-Di Yu', Yang Lu’, Zi-Yuan Wang", Hio-leng Un?, Szymon J. Zelewski*?, Ying Cui*,
Hao-Yang You’, Yi Liu', Ke-Feng Xie®* Ze-Fan Yao', Yu-Cheng He?, Jie-Yu Wang', Wen-Bing Hu?,

Henning Sirringhaus?, Jian Pei'*

The charge transport properties of conjugated polymers are commonly limited by the energetic disorder. Re-
cently, several amorphous conjugated polymers with planar backbone conformations and low energetic disor-
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der have been investigated for applications in field-effect transistors and thermoelectrics. However, there is a
lack of strategy to finely tune the interchain 1-t contacts of these polymers that severely restricts the energetic
disorder of interchain charge transport. Here, we demonstrate that it is feasible to achieve excellent conductivity
and thermoelectric performance in polymers based on thiophene-fused benzodifurandione oligo(p-phenylene-
vinylene) through reducing the crystallization rate of side chains and, in this way, carefully controlling the
degree of interchain n-m contacts. N-type (p-type) conductivities of more than 100 S cm™" (400 S cm™') and
power factors of more than 200 pW m™" K2 (100 uW m~" K~2) were achieved within a single polymer doped
by different dopants. It further demonstrated the state-of-the-art power output of the first flexible single-

polymer thermoelectric generator.

INTRODUCTION
The emergence of conjugated polymers enables a new generation of
flexible and wearable electronic devices that can be realized by sol-
ution processing (I—4). Most recently, with a deeper understanding
of conjugated polymers, the performance of polymer (semi-)con-
ductor devices has been notably improved (5-11); however, their
relatively poor charge transport property is still insufficient to
support a wide range of practical applications. The insufficiency
of charge transport in polymer films is mainly attributed to the
large energetic disorder caused by the inhomogeneous structural
disorder of polymer films (12—19). Because of high energetic disor-
der resulting in barriers for charge transport, a thermally activated
charge transport behavior has been observed in most conjugated
polymers (20-26). In doped systems, the introduced molecular
dopants provide an additional source of disorder as they can
distort molecular conformations and disrupt the molecular
packing in conjugated polymers (27-30). Thus, it is still challenging
to achieve efficient charge transport in doped conjugated polymers.
One reported approach to decreasing energetic disorder for
charge transport has been to design rigid rod—conjugated polymers
that exhibited a uniform, ideally planar chain conformation with
minimum variations in torsion angles along the polymer backbone
(31, 32). In this family of polymers, which are often not very crys-
talline, high carrier mobilities have been reported in field-effect
transistors. Recently, they have also been explored for other
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applications, such as thermoelectrics, that require high mobilities
to be maintained in films that are doped in their bulk to high
carrier concentrations >10'? to 10*' cm™. In a family of such
rigid-rod, planar copolymers based on thiophene-fused benzodifur-
andione oligo(p-phenylenevinylene) (TBDOPV), we recently dem-
onstrated that high n-type electrical conductivities and excellent
thermoelectric performance were achieved even though the
polymer is only weakly crystalline. A weakly crystalline microstruc-
ture facilitated a high miscibility with molecular dopants and per-
mitted high doping levels, while in systems with more crystalline
microstructures, conductivity can be limited by dopant incorpora-
tion (33, 34). The high performance of such weakly crystalline poly-
mers can be attributed to the fast charge transport along the
polymer backbone, but the presence of some degree of mt-m contacts
between the conjugated backbones remain important to facilitate
efficient interchain charge transport. This may not require extended
crystallites, but a careful control of -7 interactions is crucial in such
polymers to optimize charge transport properties. The ability of the
backbones to form such m-1 contacts is affected by the crystalliza-
tion behavior of the long alkyl side chains, which account for more
than 50 weight % of the polymer and, in some cases, solidify at room
temperature (fig. S2). Restraining the rapid crystallization behavior
of the side chains may be an effective strategy to encourage the for-
mation of m-m contacts and to further improve the charge transport
properties.

Here, we report a facile approach to carefully control n-1t con-
tacts between adjacent main chains in the best-performing thio-
phene-based TBDOPV copolymer (TBDOPV-T) identified in our
previous study (33, 34) by reducing the crystallization rate of the
alkyl side chains. Three different branched side chains with the
branching points located one, three, and five carbon atoms away
from the backbone, named TBDOPV-T-118, TBDOPV-T-318,
and TBDOPV-T-518, were developed as illustrated in Fig. 1A. Pho-
tothermal deflection spectroscopy (PDS) provides solid evidence
that TBDOPV-T-518 achieves the smallest energetic disorder at
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Fig. 1. Solid-state microstructures. (A) Chemical structures of TBDOPV-T-based polymers with different side chains. (B) Raman spectra from 1300 to 1380 cm™ " of
intrinsic films of these three TBDOPV-T polymers. The peak intensity is normalized by the peak at around 1750 cm™". (C) GIWAXS patterns of intrinsic thick films of
these three polymers. (D) Integrated intensity plots azimuthally along the ring at Q, approximate to 1.5 A~" (for TBDOPV-T-518 and TBDOPV-T-318) and 1.4 A~" (for

TBDOPV-T-118).

room temperature with the enhanced formation of m-m contacts. A
nearly temperature-independent conductivity in doped TBDOPV-
T-518 was observed near room temperature, indicating an ideal
barrier-free transport. After doping with different dopants,
TBDOPV-T-518 showed both high n-type and p-type conductivi-
ties. An n-type conductivity of 114 S cm ™" was reached with 4-(1,3-
dimethyl-2,3-dihydro-1H-benzimidazol-2-yl)phenyl)dimethyl-
amine (N-DMBI) and a p-type conductivity of 452 S cm™" was
reached with FeCl;. Furthermore, a relatively high Seebeck coefti-
cient was also achieved, leading to high power factors for both
types (more than 200 yW m™" K™ for n-type and more than 100
uW m™" K for p-type). Last, the first single-polymer flexible ther-
moelectric device was fabricated with the record power output up to
404 nW, in which N-DMBI-doped TBDOPV-T-518 was used as n-
legs and FeCl;-doped TBDOPV-T-518 was used as p-legs.

RESULTS

Grazing-incidence wide-angle x-ray scattering (GIWAXS) was per-
formed to explore the microstructures of intrinsic films of these
three polymers. All films exhibited a stacking diffraction signal at
Q, = 1.82 A" along the Q, axis, suggesting the existence of face-
on—oriented crystallites (Fig. 1C). As the branching positions of
alkyl chains move outward, a decrease in -1 distance might be ex-
pected. However, this phenomenon was not that apparent for these
TBDOPV-T polymers: n-n distances are 3.47 A for TBDOPV-T-
518 and TBDOPV-T-318, and 3.50 A for TBDOPV-T-118 (fig.
S5). Instead, a gradually enhanced intensity of the n-stacking dif-
fraction was observed, indicating an increase in fraction, which is
likely to be conducive to improving charge transport between
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adjacent chains. The diffraction signal at Q, ~ 1.5 A™" from the la-
mellar side-chain packing shows an anisotropic distribution in
TBDOPV-T-518 (Fig. 1D), providing evidence for a bimodal face-
on/edge-on distribution of the crystallites. By contrast, the diffrac-
tion signal in TBDOPV-T-118 is broader and more isotropic, sug-
gesting more disorder in the packing of the alkyl side chains, which
may be mainly responsible for the weaker n stacking. Consistently,
the atomic force microscopy image of the TBDOPV-T-518 film
(details in Materials and Methods and the Supplementary Materi-
als) showed more nanoaggregates and a rougher surface.

The solution absorption spectroscopy of these three polymers
behaves similarly (fig. S8), which is understandable as they share
the same conjugated backbone. The solvation effect leads to a rela-
tively free extension of polymer chains in solution, resulting in
similar spectroscopic properties in solution. In films, the character-
istic peak in the Raman spectrum of TBDOPV-T-518 at 1336 cm ™"
(representing the stretching vibration of the conjugated backbone)
showed a subtle narrowing compared to those of the other two poly-
mers (Fig. 1B and further details in Materials and Methods and the
Supplementary Materials). A similar difference was also found in
the absorption spectrum (fig. S8) of TBDOPV-T-518 as a slight nar-
rowing of the dominant absorption peak at around 1200 nm. These
results imply a possible lower energetic disorder for the TBDOPV-
T-518 film. These subtle differences in the spectroscopic properties
of the films are consistent with the increased nt-stacking diffraction
in the GIWAXS and reflect the better ability of the chains to pack
orderly when the branching points are moved outward.

To better understand the effect of alkyl side chain on n-m stack-
ing, fast scanning calorimetry (35) was used to characterize the
melting behaviors of these three polymers. The polymer samples
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were annealed at temperatures ranging from —75° to 125°C for 1-s
crystallization before a heating scan with a scan rate of 8000 Ks™" to
monitor the melting process (Fig. 2) (36, 37). Each curve in Fig. 2A
demonstrates the melting peak after annealing at 125°C, and
TBDOPV-T-518 showed the lowest melting temperature, which
was mainly ascribed to the side chains. The annealing temperatures
affected the melting processes mainly in the range from —75° to
45°C, as shown by the high-temperature melting peaks in Fig. 2B
(further details in Materials and Methods and the Supplementary
Materials). TBDOPV-T-518 exhibited the weakest temperature de-
pendence of melting enthalpy (Fig. 2C), suggesting the slowest crys-
tallization rate owing to the weakest thermodynamic driving forces.
On the basis of the above results, it was supposed that the crystalli-
zation rate of side chains may affect the stacking of the conjugated
backbones in the deposition of polymer films. For TBDOPV-T-118,
the fast crystallization rate of side chains may make the disordered
entanglement of the side chains take precedence over the stacking of
the backbone, hindering the formation of effective m-contacts;
however, for TBDOPV-T-518, the slow crystallization rate of side
chains enables the conjugated fragments to form m stacking with a
face-on orientation first, and the ordered m stacking and slow crys-
tallization rate of side chains may induce the formation of ordered
anisotropic  arrangement of side chains shown in
GIWAXS (Fig. 1D).

In light of this, we speculate that the stacking of conjugated back-
bone is mainly formed in solvent volatilization for these weakly
crystalline polymers, which usually have an excellent solubility
(32). A slower crystallization rate of side chains is expected not to
interfere with the orderly stacking of the backbone (38). In brief, by
reducing the crystallization rate of side chains, the n-rt stacking was
enhanced in these TBDOPV-T polymers. As stated above, the
control of crystallization of side chains is expected to be crucial
for achieving optimum charge transport in such weakly crystalline
polymers.

The Seebeck coefficient a was measured as a function of doping
level in films that were n-type doped using N-DMBI. We first con-
ducted measurements in a regime of relatively low doping levels
(n <7 x 10" cm™). A reduction of the Seebeck coefficient with in-
creasing doping level was observed, which became weaker the
further the branching point was removed from the backbone

(Fig. 3A) (23, 32, 39). For the interpretation of these data, a
model assumed that the energetic disorder is less than the
thermal energy kg T among transport sites and that all the transport
sites are thermally accessible (17-19). For small carrier concentra-
tion, the Seebeck coefficient a is mainly contributed by the change
of the system's entropy produced by adding a charge carrier and can
be expressed as (for n-type) (17)

a:_V%<Ni£) %mm+m4 1)

where N is the density of thermally accessible sites, and #. is the
density of mobile carriers. The three terms refer to changes in the
entropy of mixing, the spin entropy, and the vibrational entropy
upon adding a charge carrier. A fraction 1 — f can be introduced
as the ratio of the effective mobile electron concentration n and
the added dopant concentration: 1 — f = n./n(N-DMBI), where
n(N-DMBI) is the density of N-DMBI in films. At a low doping
level (N >> n.)

a:_{kgl { (N—Dl\il\’BI)(l—f)}+k§ln(2)+aﬂb} (2)

a= —{k?BlnpN/n(N — DMBI)] +A} (3)

A=—"n01—f) + 0 ()

The fraction f takes into account that not all charge carriers are
free to contribute to the conduction and the Seebeck voltage but
may reside in trap states as a result of residual energetic disorder
and/or a reduced doping efficiency due to Coulombic trapping by
the dopant counterions. To evaluate the change of Seebeck coeffi-
cient, we estimated N, by assuming that there is one transport site
on each polymer repeat unit. On this premise, we obtained
Nj = 3.5 x 10 cm™ for TBDOPV-T-518, 3.6 x 10** cm ™ for
TBDOPV-T-318, and 3.7 x 10*” cm™> for TBDOPV-T-118. The
dashed line is a plot of a = —(kp/e) In[2Ny/n(N-DMBI)], expressed
as a straight line in the logarithmic diagram (Fig. 3A).

-
[N
T

-25°C
-45°C

A B C 6
Exo up —— TBDOPV-T-118 Exo up TBDOPV-T-518 ’ _Q—TBDOPV T- 113
——TBDOPV-T-318 125%¢ —o—TBDOPV-T-318
—— TBDOPV-T-518 ; 108°C S 14r —o— TBDOPV-T-518-
\\ 95°C o
— — ﬁﬂ/ ©
B = 75°C £
£ ERN \/ 45 S13f .
P o [\ - 38°C 2
% B OGS — £
8 S <\ _— 25°C =2k
g 3 \\// = 15°C g
= = 5°C kol
F 5 S| 4
I
£
£
(<}
P4

Temperature

001mwW |
I 16.0°C

L 1

I" g5 mw Heating at 8000 K/s
Heating At S000 RIS

99—

-75°C o\, 9
~e GS“’°¥

N

L L 1

o
©

|
0 100 200 0 100
Temperature (°C)

Temperature (°C)

1 ) L L L
200 300 400 -60 -40 -20 0 20 40
Annealing temperature (°C)

Fig. 2. Flash differential scanning calorimetry of three TBDOPV-Ts. (A) Heat flow scans of TBDOPV-T-118, TBDOPV-T-318, and TBDOPV-T-518 films during fast heating
with 8000 K s~ after aging at 125°C for 1 s as the inset scheme of temperature protocols. (B) Heat flow scans of TBDOPV-T-518 films during fast heating after aging at
various temperatures as labeled. (C) Melting enthalpy of the split high-temperature peaks for three TBDOPV-T films at temperatures from —75° to 45°C.
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Fig. 3. The density of thermally accessible sites, conductivity, and thermoelectric performance. (A) Seebeck coefficients of N-DMBI-doped TBDOPV-T polymer films
at low doping level. The gray dashed line is the plot of a = —kg/e In[2 N/n(N-DMBI)]. (B) Dopant fraction—dependent conductivity and Seebeck coefficients of N-DMBI—
doped TBDOPV-T polymer films. (C) Dopant fraction—dependent power factors of N-DMBI-doped TBDOPV-T polymer films. (D) Kang-Snyder model fitting. The dashed
lines are calculated with the parameters given in the figure. (E) Conductivity of FeCls-doped TBDOPV-T polymer films [molar ratio = n(dopant)/n(repeat units of polymer)].

The difference between the trend of the experimental data and
the dashed line is attributed to reductions in f, i.e., filling of trap
states, as n(N-DMBI) increases. As a result, the slopes for the
three polymers are gradually approaching the ideal, trap-free
slope indicated by the dashed line. Among these three polymers,
the slope for TBDOPV-T-518 remains closest to the dashed line
at a low doping level, which implies fewer traps. With the increase
of doping level, these three polymers exhibited a change in the rel-
ative order of the magnitude of their Seebeck coefficients.
TBDOPV-T-518 showed the highest Seebeck coefficient among
these polymers. Within the model, this can be attributed to different
values of N (according to Eq. 3), and the higher Seebeck coefficient
of TBDOPV-T-518 (absolute value) therefore indicated a higher
density of thermally accessible sites and a lower degree of energetic
disorder.

N-DMBI-doped TBDOPV-T-518 films exhibited a higher n-
type conductivity up to 114 S cm ™" alongside its higher Seebeck co-
efficient (Fig. 3B). The simultaneous improvement of conductivity
and Seebeck coefficient enabled an exceptionally high power factor
of 200 uyW m™" K2 for an n-type polymer thermoelectric material
(Fig. 3C). Compared to the common approach of adjusting the
carrier concentration, which could only balance conductivity and
Seebeck coefficient (40), the apparent increase of the density of
thermally accessible sites observed here resulted in a simultaneous
improvement of conductivity and Seebeck coefficient, which im-
proved the thermoelectric performance significantly. It was also
found that when an FeCl; solution was used to p-dope TBDOPV-
T-518 films by immersion doping, a high conductivity of more than
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400 S cm™" and a power factor of more than 100 yW m ™" K~ were
obtained (Fig. 3E and fig. S20).

To further explore the charge transport characteristics of these
three conjugated polymers, the Kang-Snyder model was used to
analyze the a-o relationship (Fig. 3D) (24). This model expresses
the energy-dependent conductivity function as a power law with
an exponent s, which characterizes the transport physics and
density of states of the doped conjugated polymer. It was observed
to better fit the a-o curve of TBDOPV-T-518 with s = 1 than s = 3.
An exponent s = 3 is expected if the dominant scattering of the
charge carriers is by ionized impurities, while s = 1 could be inter-
preted as indicating that charge transport is dominated by acoustic-
phonon scattering (24). While other interpretations of the exponent
are possible, it is important to note that another polymer semicon-
ductor, for which s = 1 has been reported, is PEDOT, which is one of
the best p-type conductive materials (24). Within the Kang-Snyder
model, the prefactor of the energy-dependent conductivity oz, was
fitted as about 50 S cm™" for doped TBDOPV-T-518, which was
close to that of PEDOT:tosylate (75 S cm™Y) (24).

The temperature-dependent electrical conductivities of the
doped polymers with maximum o were measured (Fig. 4A) from
300 to 400 K. The doped TBDOPV-T-518 films showed a near tem-
perature-independent transport behavior implying a barrier-free
transport with a negligible degree of energetic disorder, while for
the other two polymers, the conductivity increased with increasing
temperature. This was achieved in films processed just by solution
doping, i.e., mixing the dopant into the polymer solution. Below
300 K, the conductivities of doped TBDOPV-T-518 films decreased
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as the temperature dropped (fig. S22) but less strongly than for the
other polymers. This is likely due to residual energetic disorder. As
the thermal energy kpT reduces, the energetic dispersion gradually
becomes nonnegligible and starts to limit the charge transport.
Fitting an Arrhenius relationship from 100 to 300 K, a low activa-
tion energy of 11 meV was extracted for doped TBDOPV-T-518,
which was less than kgT at room temperature (25 meV).

AC Hall effect measurements were also performed, enhanced
Hall mobilities approaching 1 cm* V™' s™' were observed in
doped TBDOPV-T-518 (Fig. 4B), and nearly identical Hall carrier
concentrations in the range between 2 x 10°° and 8 x 10*° cm™>
(depending on doping concentration) were obtained in these
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three polymers (fig. $26). While the values of Hall carrier concen-
trations and mobilities are likely to be over-/underestimated, re-
spectively, because of the effect of localized carriers that do not
contribute to generating the Hall voltage but contribute to screening
it (41), these measurements confirmed the similar doping degree of
these three polymers. Extensive spectroscopic and chemical charac-
terization of the films was performed, including optical absorption
spectroscopy after doping, x-ray photoelectron spectroscopy, ultra-
violet photoelectron spectroscopy, and electron spin resonance
(further details in Materials and Methods and the Supplementary
Materials). All these results suggested that the performance differ-
ence of the three polymers after doping was not due to different
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doping levels but due to the underpinning charge transport proper-
ties and the energetic disorder of the polymers.

PDS was used to characterize the degree of energetic disorder in
these TBDOPV-T polymers in their undoped state (Fig. 4C). This
technique provides a measurement of the energetic width of the
sub-bandgap tail states of the excitonic joint density of states char-
acterized by the Urbach energy, E, (32). The Urbach energy was ex-
tracted from the optical absorption coefficient in the vicinity of the
bandgap (Fig. 4C). TBDOPV-T-518 showed the lowest E, (43.7
meV) among these three polymers, representing the smallest
energy disorder. This is fully consistent with the more pronounced
n-1t stacking and the improved charge transport properties of
TBDOPV-T-518.

The high thermoelectric performance of doped TBDOPV-T-518
for both n-type and p-type operation enables us to fabricate the first
flexible organic thermoelectric generator (TEG) based on just a
single thermoelectric material for both p-type and n-type legs.
TBDOPV-T-518 films, which were n-doped by depositing from a
solution containing N-DMBI and p-doped by immersion in FeCl;
dissolved in nitromethane, were used as n-leg and p-leg materials,
respectively. A flexible colorless polyimide (CPI) film was used as
the substrate and provided a flexible support for the device. The fab-
rication process of the TEG is shown in Fig. 5A. First, the gold elec-
trodes were patterned on CPI by evaporation through a mask. Then,
TBDOPV-T-518/N-DMBI and intrinsic TBDOPV-T-518 were
printed through drop-casting. Last, FeCl; solution was coated on
the intrinsic TBDOPV-T-518 for p-doping and was removed after
a 3-min immersion. The device was folded into a corrugated shape
and was tested on a heated stage in air (further details in Materials
and Methods and the Supplementary Materials). The internal resis-
tance of the device was about 400 ohms. An open-circuit voltage of
28.1 mV and a short-circuit current of 57.2 pA were obtained while
the stage was heated to 150°C (with temperature difference
AT = 45.1 K), resulting in a maximum power output up to 404
nW (Fig. 5B). The power output per thermocouple showed the
highest value for reported polymer TEGs, even though the same
polymer was used for both n-type and p-type legs (Fig. 5C). In ad-
dition, the normalized maximum power output to describe the per-
formance of thermoelectric devices (fig. S34) was evaluated. The
normalized maximum power output for our thermoelectric device
was calculated as 30.2 mW m™", 50 times higher than the value for
FBDPPV:TAM/PEDOT:PSS (42).

DISCUSSION

Our results have provided a new perspective for achieving excellent
conductivity and high thermoelectric performance in weakly crys-
talline rigid rod-conjugated polymers with planar backbone con-
formations. To make optimum use of the fast intrachain transport
in these polymers, it is important to carefully control the degree of
7-1t contacts to achieve efficient interchain transport while main-
taining the ability to dope these polymers to high doping concen-
trations. We have demonstrated that this can be achieved through a
weaker crystallization rate of the alkyl side chains and adjusting the
position of the branching point with respect to the main chain. This
enables the conjugated backbone to spontaneously form n-1t con-
tacts during solution-deposition and annealing and achieve a low
degree of energetic disorder and a high density of thermally acces-
sible sites. In this way, we have been able to demonstrate
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conductivities of more than 100 S cm™" and very high thermoelec-
tric performance for both n-type and p-type operations. Our in-
sights into the thermoelectric structure-property relationships of
these polymers will hopefully stimulate the development of a new
generation of high-performance planar, rigid rod—conjugated poly-
mers for thermoelectric and other applications.

MATERIALS AND METHODS

Materials

N-DMBI was synthesized following the procedures from literature
(27). TBDOPV-T-118 [M,, = 26.8 kDa and polymer dispersity index
(PDI) = 4.04], TBDOPV-T-318 (M,, = 26.0 kDa and PDI = 3.79),
and TBDOPV-T-518 (M,, = 29.0 kDa and PDI = 3.71) were synthe-
sized following the procedures from literature (31) and are also
shown in the Supplementary Materials.

Single-polymer TEG

The 10-pm-thick CPI substrate was purchased from NINGBO
BOYA POLY ADVANCED MATERIALS CO. LTD. The CPI sub-
strate was cleaned with isopropanol, dried with nitrogen, and then
cleaned by plasma cleaning for 10 min. The 100-nm parallel gold
electrodes along with 2 nm of the chromium adhesion layer were
vacuum-evaporated to the substrate with mask. Then, the substrate
was cleaned by plasma for another 10 min. Intrinsic TBDOPV-T-
518 and N-DMBI-doped TBDOPV-T-518 were printed by drop-
casting, respectively, and annealed at 120°C for 8 hours under nitro-
gen atmosphere. The three n-legs were packed by Kapton adhesive
tape. The intrinsic films were doped by immersing in FeCl; nitro-
methane solution.

Photothermal deflection spectroscopy

PDS was performed using a tunable light source consisting of a 250-
W quartz tungsten halogen lamp coupled to a 250-mm focal length
grating monochromator. The monochromatic excitation beam was
modulated with a mechanical chopper at 13 Hz and focused on the
sample surface at normal incidence angle. The samples were im-
mersed in FluorinertTM FC-72 (3M) liquid to improve the ther-
mooptic response in the excitation spot surroundings. Thermal
gradient at the sample surface caused by nonradiative relaxation
caused deflection of a probe laser beam passed parallel to the
sample surface (transverse configuration), detected by a quadrant
photodiode and demodulated with a lock-in amplifier (Stanford Re-
search Systems, SR830). The sub-gap (E,) absorption data A(E)
were fitted to the Urbach formula assuming linear dependence of
the PDS signal on the optical absorption coefficient, leading to de-
termination of the Urbach energy (E,) representing the electronic

disorder
E—E
A (E) = aoexp( E g)

u

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S34

Tables S1 to S3
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