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Doped Organic Semiconductors: Trap-Filling, Impurity
Saturation, and Reserve Regimes

Max L. Tietze,* Paul Pahner, Kathleen Schmidt, Karl Leo,* and Bjérn Liissem

A typical human being carries billions of silicon-based field-effect transistors
in his/her pockets. What makes these transistors work is Fermi level control,
both by doping and field effect. Organic semiconductors are the core of a
novel flexible electronics age, but the key effect of doping is still little under-
stood. Here, precise handling is demonstrated for molar doping ratios as
low as 1073 in p- and n-doped organic thin-films by vacuum co-sublimation,
allowing comprehensive studying of the Fermi level control over the whole
electronic gap of an organic semiconductor. In particular, dopant saturation
and reserve regimes are observed for the first time in organic semiconduc-
tors. These results will allow for completely new design rules of organic tran-
sistors with improved long term stability and precise parameter control.

1. Introduction

Doping is essential for inorganic semiconductor devices in
modern CMOS technology, affecting practically every part
of our daily lives: communication, mobility, healthcare, etc.
Adding small amounts of donor or acceptor type impurities to
a semiconductor crystal allows for precise control of the elec-
trical characteristics of the semiconductor, i.e., the charge car-
rier (type) density and Fermi level position, finally enabling the
design of functional electronic devices such as depletion and
inversion field effect transistors.[!

Although molecular doping in organic semiconductors has
been studied for a considerable timel>3! and is applied commer-
cially in displays, it is little understood. In contrast to inorganic
semiconductors, particularly the doping efficiency, i.e., the den-
sity ratio of generated free charge carriers to dopant molecules,
Ndop = P/Na, is much smaller, sometimes in the range of only
a few percent.*! Different approaches have been put forward
to explain these low efficiencies, e.g., agglomeration of dopant
molecules,'%11] a large dopant activation energy due to strong
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coulomb interactions in organic matter,?
a limitation of doping due to charge
traps,l'>1 insufficient energetic disorder
caused by neighboring dopant molecules
at low concentrations supposed to provide
the overcoming of the Coulomb dissocia-
tion barrier,l'" and finally hybridization of
the dopant and host molecular orbitals.!*®!

Here, we propose a new generalized
explanation, arguing that the low doping
efficiencies are of statistical nature. Com-
pared to inorganic semiconductors, which
are supposed to be used in the so-called
impurity saturation regime in which all
dopants are activated,!l dopant saturation
cannot be reached in organic semiconduc-
tors due to the much larger concentrations commonly required
in organic electronics.l’! The Fermi level is then located between
the dopant level and the transport level, resulting in incomplete
activation of dopants known as impurity reserve from classical
semiconductor theory. However, for ultralow molar doping
ratios in co-evaporated organic thin-films down to MR = 107,
and by using our recently published statistical description of the
molecular doping process,['? we can show that the Fermi level
is shifted above a hypothesized dopant level for p-doped layers,
i.e.,, we can access the saturation regime. Almost all dopants
are activated and the doping efficiency approaches 100%. In
contrast, the dopant reserve is observed at high molar doping
ratios. Furthermore, similar n-doping studies on the same host
materials give evidence that the saturation regime is achieved
there even at high doping concentrations, strongly indicating
the presence of very shallow donor states in organic materials.

Highly purified organic semiconductors are indispensable
for these studies as impurities and traps usually limit doping at
low concentrations.314 Therefore, we chose high-purity pen-
tacene and ZnPc as hosts, each purified threefold by repeated
gradient-zone sublimation and p-doped with the acceptors
CgoF36 or F-TCNNQ, respectively, or n-doped by the di-metal
complex W, (hpp) (cf. Figure 1).

2. Results and Discussion

2.1. UPS on p- and n-Doped Thin-Films

First, pentacene (P5) thin-films p-doped by CgF34 or n-doped
by W,(hpp)s are investigated by ultraviolet photoelectron
spectroscopy (UPS). The sample structure reads Ag/MeO-
TPD(4 nm)/P5(<65 nm) in which the thin MeO-TPD interlayer
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Figure 1. Principle of molecular doping. a) A host material is p-doped
(n-doped) by electron transfer from a host (n-dopant) molecule HOMO to
an adjacent p-dopant (host) molecule LUMO. The investigated host mate-
rials are pentacene (P5) and ZnPc, each n-doped by W, (hpp)4 or p-doped
by CeoF36 or F¢-TCNNQ. Cgo molecules constitute electron traps in P5.
b) Doped thin-films are processed by vacuum cosublimation employing a
rotational shutter for achieving molar doping ratios as low as 1075.

is introduced to decouple the P5 growth from the underlying
metal, i.e., ensuring a reproducible thin-film morphology.

UPS spectra of the doped P5 layers with varying doping con-
centration are shown in Figure 2. With increasing molar doping
ratios, a clear shift of the occupied states toward (away) from
the Fermi level (Ep = 0) is found for p-type (n-type) doping. The
determined Fermi level positions with respect to the measured
P5 HOMO peaks (indicated by circles in Figure 2) are plotted
versus the molar doping ratio in Figure 3a for p-doping
(n-doping) with downward (upright) triangles. Since the doping
ratio covers five orders of magnitude, the whole range from the
intrinsic position until saturation is resolved for p-type doping.
At doping concentrations below 4 x 107, the Fermi level is
found to be pinned close to the intrinsic position (Ep = 1.8 eV).
Doubling the doping ratio to MR = 8 x 107> rapidly shifts the
Fermi level to 1.29 eV. At medium concentrations, i.e., in the
range of 107* < MR < 1073, the Fermi level is shifted by =0.4 eV
toward the HOMO peak, whereas it moves further by only
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0.2 eV at concentrations above 1073 reaching finally Ez=0.72 eV
at MR = 0.33, which is 0.25 eV above the HOMO onset.

In case of n-doping, such characteristic ranges cannot be iden-
tified. Here, there Fermi level position monotonously increases
from 2.48 to 2.94 eV within the investigated range of doping
concentrations, that is 7 X 10™* < MR < 0.66, showing no pro-
nounced kinks. In particular, we found a shift of the Fermi level
above the LUMO onset of the P5 host for MR > 0.1. In contrast,
Er is pinned =0.25 eV above the HOMO onset in case of p-type
doping. This remarkable difference between p- and n-doping,
demonstrated here for the same host material, is in agreement
with previous studies, however, there individually performed
either on just molecular p-type,>*12 or n-type doping."*!

2.2. Semiconductor Statistics

It is the purpose of this article to explain the above findings
on a fundamental level by application of a statistical description
based on classical semiconductor theory. The main assump-
tions of this approach have been discussed in detail else-
where,[2l however, the leading ideas/equations are sketched in
Figure 4a and will be briefly summarized in the following. For
a p-doped semiconductor, the neutrality equation reads

p+N;i=n+N;=N; (1)
Here, the hole density p is determined by a Fermi-Dirac integral
p=] " dEgoos (E)(1- f(E,Ey)) (2)
in which f{E, Ep) is the Fermi-Dirac statistics and gpos(E) the

density-of-states of the host material, typically resembling a
superposition of Gaussian and exponential distributions for

organic thin-filmsf213.18]
N, (E-E)
exp| — ,E<E
V2o Xp( 20° !

&oos (E)= 3)

N E-E

B _Z" | ESE

B eXP( B J > Ep

Furthermore, shallow or deep trap states might be present,
hindering the doping process in particular at low concentra-
tions. The occupation of these traps is given by an additional
Fermi-Dirac integral

N; = [ dEg: (B)(1- f(E.E,) “

in which the trap density gr(E) is most easily approximated by
a single Gaussian

®)

[13,20]

gr(E)= \/%TGT eXP(—(Ez_;T) )

However, it could generally resemble any arbitrary shape.
Finally, dopant ionization is described by activation from a
single acceptor level E, according to

N;= Na
" 1texp[(Es—Er)/koT] (6)
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Figure 2. UPS spectra of molecularly doped P5 thin-films. The used sample structure is Ag/MeO-TPD(4 nm)/P5(<65 nm) in which the P5 film is either
a) p-doped by CgoF36 or b) n-doped by W, (hpp),.

The depth of E, with respect to the HOMO center E,
defines the overall efficiency of the doping process, which
is Ngop = p/Na. In case of highly efficient doping, classically
described by shallow dopant states,!! all dopant molecules are
ionized, i.e., Ny~ = Ny and Ep > E4, which is known as impu-
rity saturation. For partial ionization of p-dopants, the Fermi
level lies below the acceptor level, which corresponds to a deep
impurity level and is called impurity reserve. Thus, for a given
dopant level E,, the transition between impurity saturation
and reserve is defined by Er = E, and can be achieved either
by variation of the temperature at a certain doping concentra-
tion,[21) or of the doping concentration at fixed temperature as
demonstrated here. Numerical solving the neutrality condition

(Equation (1)) at a certain temperature (e.g., RT) yields Ex(MR)
plots, exhibiting characteristic slopes on a log-scale for trap-lim-
itation, dopant saturation, and reserve as well as corresponding
kinks at the transition points between these regimes depending
on the specific shapes of the used gpos(E) and gr(E) distribu-
tions and the depth of the dopant level E,. Their impact on the
shape of Ep(MR) and ng.p,(MR) curves is demonstrated by a
detailed parameter study given in the Supporting Information,
Figures S1-S4. The main outcomes are strong shifts of the
Fermi level at Ny = N, i.e., at the point of complete trap filling,
characteristic kinks at that doping concentration satisfying the
transition condition Er = E,, and a decreasing doping efficiency
Ndop for higher doping ratios, i.e., for Ep < Ej4.
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Figure 3. Fermi level versus molar doping ratio: Ef(MR). a) UPS data of pentacene (P5) thin-films p-doped by CgoF3¢ (downward triangles) or n-doped
by W, (hpp)4 (upright triangles). The solid lines correspond to respective calculation results applying the statistical description. The transition from
dopant saturation to reserve is defined by the condition Ef = E,, appearing at MR = 0.0015 for p-type doping. In case of n-type doping, dopant satu-
ration (Np* = Np) has been assumed for all concentrations. Besides, black diamonds indicate the Fermi level position of P5:W,(hpp)4:Cgo samples,
in which the Cqy concentration is 3 mol% each. b) Similar UPS and calculation results on ZnPc thin-films, either p-doped by Fe-TCNNQ (downward
triangles) or n-doped by W, (hpp)4 (upright triangles). All Fermi level positions are given with respect to the UPS HOMO peak positions of the host
materials. For completeness, the respective HOMO and LUMO onsets determined from UPS/IPES are indicated (see the Supporting Information).l'”]
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Figure 4. Molecular p-doping models. a) Qualitative illustration of the
statistical description. Dopant activation is considered by an effective
acceptor level E,. Trap states E hinder the doping process at low concen-
trations. Free holes are provided by doping for N4 > Nr. In this case, either
dopant saturation (N4~ = N,) or reserve (N4~ < N,) is possible. b) lllustra-
tion of the underlying microscopic processes justifying the appearance
of E4. Either direct host-dopant charge transfer (left)l'” or host-dopant
hybridization (right)['® causes dopant related gap states determining the
amount of activated dopants in equilibrium.

2.3. Trap-Limitation, Dopant Saturation, and Reserve Regimes in
Doped Pentacene, ZnPc, and Cg, Thin-Films

Comparing the findings from the semiconductor statistics
calculations to the measured Ex(MR) UPS data of p-doped P5
films gives evidence for the existence of the trap-limitation,
dopant saturation, and reserve regimes. The experimental
results can be precisely reproduced by the statistical model over
five orders of magnitude (cf. Figure 3a, solid lines), if assuming
an acceptor level at E, = 0.88 eV above the HOMO peak and
deep hole traps with a density of Ny = 9.6 x 10'® cm™. The
transition between dopant saturation and reserve is seen at
MR = 0.0015, which is even obtained by a calculation without
traps (gray line), and the trap-limitation regime is present for
MR < 3.5 x 107, A fairly equal density of Gaussian distributed
hole traps has independently been obtained by impedance
spectroscopy on P5:CgoF36 Schottky diodes, recently published
by Pahner et al.'® Furthermore, they determined doping effi-
ciency values by Mott-Schottky analysis plotted in Figure 5 in
comparison to the calculations provided here. Indeed, Pahner
et al. obtained 7gop, = 0.98 at MR = 2 x 107*, which gives strong
evidence that dopant saturation is really achieved in this range
of doping concentrations. Furthermore, in agreement with the
statistical calculations, strongly decreasing doping efficiencies
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Figure 5. Doping efficiency in P5:CgF36 thin-films. Calculated doping effi-
ciency Ngop = p/Na, fractions of filled traps N*/Ny and ionized dopants
N4~ /N4 for the material system P5:CgF36 in comparison the experimental
values determined by Mott-Schottky analysis published by Pahner et al.["®l

were measured for higher doping ratios, dropping to Ng,p, = 0.45
at MR = 1073, clearly indicating the transition to dopant reserve.

In case of P5:W,(hpp),, i.e., n-doping of P5, the UPS data
can be reproduced by calculating Er(MR) assuming just dopant
saturation for all concentrations, i.e., solving n = Np" = Np,.
Since here the Fermi level is not pinned by a donor level Ep, it
can shift even above the LUMO onset at high concentrations.
The curved Ep(MR) correlation is achieved by assuming only a
Gaussian LUMO DOS (Eyymo = 3.0 €V, 0= 0.15 eV) since an
(additional) exponential DOS would result in straight Ep(MR)
lines.?2l A limitation by electron traps could not be seen in the
range of investigated doping ratios because the Fermi level
curve does not show any kink, however, could be present at
concentrations below 7 x 107,

Since the LUMO level of Cg lies below that of P5 by 1.5 eV
(cf. Figure 1), we can instead intentionally introduce deep elec-
tron traps by co-evaporation of P5 and Cg. These traps can be
purposefully filled by n-doping the P5:Cg, blend with W, (hpp),.
For validation, two UPS samples with P5:Cgy:W,(hpp), thin-
films are compared: One with MR(W,(hpp),) < MR(Cg) and the
other vice versa. The Cg, concentration is fixed to MR = 0.03,
whereas the W,(hpp), concentrations are MR = 0.003 and
MR = 0.1 (black diamonds in Figure 3a). In case of MR = 0.1,
the Fermi level lies at 2.74 eV which is close to the position
without Cgo (Ep = 2.78 eV). For the lightly doped sample, Ep
is shifted only to 1.9 eV, i.e., just above the undoped position,
whereas Er = 2.56 eV was found for an usual P5:W,(hpp), film.
This result clearly confirms that Cgy molecules act as electron
traps in pentacene, which control the Fermi level position at
lower doping concentrations. As soon as the n-dopant density
exceeds the Cgy density, all these traps are filled and the Fermi
level strongly shifts toward the P5 LUMO. The position of this
strong shift is supposed to be tunable by the Cg, concentration.

To provide broader support for the above conclusions,
similar UPS experiments and calculations are performed on
ZnPc thin-films either p-doped by the acceptor molecule Fg-
TCNNQ or n-doped by W,(hpp),. The obtained Ep(MR) cor-
relations are shown in Figure 3D, the associated UPS spectra

Adv. Funct. Mater. 2015, 25, 2701-2707
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are given in the Supporting Information, Figure S5. Similar
to PS5, trap-limitation, dopant saturation, and reserve regimes
can be identified for p-doping as well, if assuming an acceptor
level at E4 = 0.64 eV defining the transition between impurity
saturation and reserve at MR = 0.02. Hole traps with a den-
sity of Ny = 7.2 x 10" cm™ hinder efficient p-doping at molar
doping ratios below 4.5 x 107*, which is in excellent agreement
with corresponding conductivity measurements (cf. Figure 6).
A clear drop of the conductivity by four orders of magnitude
is found when varying the doping concentration in-between
10™* < MR < 1073, whereas it scales like 0 «<MR" with n = 1.25
at higher concentrations, confirming that trap states limit
current transport at low concentrations. This finding is fur-
ther confirmed by conductivity measurements on the system
ZnPcF,-TCNQ, suggesting the presence of deep hole traps
with MR =3 x 107* to 6 x 1074123

In case of n-doped ZnPc:W,(hpp), films, a shift of the
Fermi level above the LUMO onset is found as well, however,
appearing already at doping ratios as low as 4 x 1073. This
behavior can be modeled similarly to n-P5, i.e., by assuming
dopant saturation but a much narrower LUMO DOS (E1ymo =
2.20 eV, 0= 0.07 eV). Additionally, electron trap states must be
taken into account to reproduce the step in the Ex(MR) plot at
MR =1.2x1073 (Ny=1.9 x 10'® cm™).

Finally, n-doped Cgy:W,(hpp), films are studied by UPS and
respective calculations, yielding the same trends as for the n-P5
and n-ZnPc films (cf. Supporting Information, Figure S7). The
Fermi level shifts above the LUMO onset in-between 1072 < MR
<107}, explained again by dopant saturation. Electron traps con-
trol Ey at doping ratios below 2.1 x 1073 (N = 3.4 x 10'® cm™).

These data are in quantitative agreement with a similar study
on the system Cgo:[RuCp*(mes)], published by Olthof et al. /]
in particular, a Fermi level position of merely 50 meV below
the C¢o LUMO onset at MR = 0.2 has been measured. Filling
of the Gaussian LUMO DOS by unhindered n-doping at high
concentrations has been suggested for explanation,??l which
basically equals the case of dopant saturation as assumed here.
The slight deviations in the measured Ep. values are only due to
the experimental uncertainties of IPES from which the LUMO
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Figure 6. Conductivity of ZnPc:Fg-TCNNQ thin-films. Two regimes are
identified with a transition at MR = 1073. At lower concentrations, molec-
ular doping is hindered by deep hole trap states.
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onset positions have been derived (cf. Supporting Information,
Figure S11 and Table S4), however, not impacting the conclu-
sions on the underlying physics. Nevertheless, appearing kinks
in the measured Ex(MR) correlations have been explained in a
slightly different manner, which will be addressed in the fol-
lowing, taking also the p-doping results into account.

2.4. Discussion

Kinks in Fermi level and conductivity versus free charge car-
rier density plots have recently been discussed in detail by
Mehraeen et al. for the case of n-doping,['>?? stating that they
are both caused by the Fermi level crossing the transition
energy between exponential tail states and Gaussian DOS, i.e.,
emerging at Ep = Eg (cf. Equation (3)). In this context, kinks
in corresponding conductivity plots are attributed to complete
filling of the exponential tail states, regarded as electron traps,
significantly reducing the effective carrier mobility at lower
concentrations. Since we concluded dopant saturation and
trap-filling regimes for all three investigated n-doped mate-
rial systems, our results are not in direct contradiction to the
conclusions drawn by Mehraeen et al., both approaches just
differ in the type of the assumed electron trap states. How-
ever, considering the UPS and conductivity data of p-type
doping presented here and in literature,>12231 pinning of
the Fermi level a few 100 meV above the HOMO onset at high
doping concentrations cannot be consistently explained by the
approach of Mehraeen et al. This circumstance becomes par-
ticularly clear by reviewing the UPS spectra of P5 and ZnPc
in log-scale (cf. Supporting Information, Figures S9 and S10),
where Eg values of 0.123 and 0.078 eV with respect to the
HOMO onsets (Eyomo) have been found. In contrast, kinks
in the Ep(MR) plots appear at 0.41 and 0.27 eV with respect
to Eyomo, i-e., much deeper within the gap, and are therefore
regarded to Ey = E, rather than E = Ep. Furthermore, the con-
ductivity versus MR plot of ZnPc:F¢-TCNNQ (Figure 6) does
not show a kink at MR = 0.02 as one would have expected from
following the argumentation of Mehraeen et al. under consid-
eration of the corresponding Ex(MR) plot (Figure 3b). Thus,
introduction of the acceptor level E, is reasonable since it fur-
thermore captures the experimentally observed incomplete
dopant ionization at high concentrations in case of p-doping
(reserve regime).

Finally, the appearance of the acceptor level Ey, so far just sta-
tistically motivated, should be justified on a microscopic level,
which is sketched in Figure 4b. Due to doping acceptor type
molecules into a host material either direct electron transfer
from dopant to host (left) or host-dopant hybridization (right)
might occur, depending on the mutual orientation and thus
molecular orbital overlap of two adjacent host and dopant mol-
ecules. In the latter case, the hybrid antibonding state is sup-
posed to appear a few 100 meV above the host HOMO level and
to govern the actual doping process,'®?* which is consistent
with the conclusions drawn here. In particular, the transition
from impurity saturation to reserve would correspond to Fermi
level crossing the hybrid antibonding state, represented statis-
tically by the acceptor level E,. Increasing ionization potential
values of the Ps:CgoF3q thin-films from 4.88 eV at MR =2 x 107
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up to 5.33 eV at MR = 0.33 as well as appearing gap states in
case of all n-doped films (cf. Supporting Information, Figures S6
and S8) furthermore indicate the formation of respective
hybrids.

In case of direct charge transfer, justifying the appearance of
E, on a microscopic scale is less evident, however, recently we
gave an explanation based on the formation of a common Fermi
level for dopant and host molecules within a mixed film.["!
Here, the acceptor LUMO is pushed above the host HOMO
upon occupation with electrons accompanied by an alignment
of the individual dopant and host Fermi levels (cf. Figure 4b,
left). The statistical acceptor depth E4 thus corresponds to an
equilibrium activation energy between the host HOMO and the
above lying dopant LUMO. Besides, doping induced gap states
due to Coulomb interactions between ionized dopants and free
carriers have been suggested.>%"]

3. Conclusion

In conclusion, the Fermi level control by several orders of mag-
nitude in various p- and n-doped organic semiconductor thin-
films allowed us to study the mechanism of molecular doping
over an extensive range. For the first time we can clearly reveal
the regimes of trap-limitation, dopant saturation, and reserve. In
particular, introduction of an acceptor level Ej4, describing the
amount of ionized dopants, marks the transition from dopant
saturation to reserve for p-type doping, whereas 100% dopant
ionization is found in case of n-doping even at very high concen-
trations. Our results show that it is possible to properly describe
the corresponding properties of molecular doping by a classical
statistical approach, which explains commonly observed low
p-doping efficiencies, additionally extends the ideas of previ-
ously published modeling,??l and gives evidence for the pro-
posed underlying microscopic processes.l'l These findings are
important on the roadmap toward cheap and flexible organic
CMOS circuits, in particular, for the design of novel transistor
concepts with reliable and precise parameter control.[82%

4. Experimental Section

Sample Preparation and UPS: The doped layers are thermally
co-evaporated at room temperature under ultrahigh vacuum conditions
(base pressure 1 x 107° mbar) by controlling the evaporation rates
with two independent quartz crystal microbalances (QCMs). A sputter
cleaned silver foil (99.995%, MaTecK, Juelich, Germany) is used as
substrate. The host materials pentacene (Sensient, Wolfen, Germany)
and zinc-phthalocyanine (CreaPhys, Dresden, Germany) were purified
threefold by 3-zone vacuum gradient sublimation. The fullerene Cg
has been purchased from CreaPhys of sublimed purity grade and is
used as delivered. The dopant compounds CgoF3s (MTR Ltd., USA),
1,3,4,5,7,8-hexafluorotetracyanonaphthoquinodimethane  (F&-TCNNQ)
and 1,3,4,6,7,8-hexayhydro-2H-pyrimido[1,2-a]pyrimidine (W, (hpp)4)
(both Novaled GmbH, Dresden, Germany) are used as delivered as
well. The chemical structures are shown in Figure 1a. Doping ratios
below 1073 are achieved by evaporating the dopant molecules through
a rotating shutter (2-3 Hz) positioned between the substrate and the
QCM. The circular shutter is partly opened (=18°) which reduces the
effective molecule transmission to =5%. The functionality of this system
has been verified by checking the actually achieved doping concentration
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with X-ray photoemission spectroscopy on a highly doped sample. In
this article, we give the doping concentration as molar ratio, defined
as the ratio of the number of dopant to host molecules per volume,
i.e, MR = Np/No. The UPS measurements are performed with a
Phoibos 100 system (Specs, Berlin, Germany) under UHV conditions
(base pressure 5 x 107" mbar). Sample transfer without breaking
vacuum conditions is ensured by a direct connection of the UPS to the
evaporation chamber. The energy resolution (Hel, 21.22 eV) is 130 meV
and the experimental error (reproducibility) is estimated to 50 meV.
During the UPS measurement the sample is set to an acceleration
potential of —8 V. For each spectrum, the emission features due to
secondary line excitations of the Hel discharge lamp are subtracted.l'd
The measurements are kept as short as possible to avoid degradation of
the organic materials and charging effects.

Numerical Calculations: The neutrality condition (Equation (1)) has
been solved by numerical evaluation of the corresponding Fermi integral
using the open source software GNU Octave running under Ubuntu.
Here, an energy discretization in-between 0.001...0.005 eV is applied
for stepwise integration and varying Fermi energies. The calculation
parameters are summarized in Table S2 (p-doping) and Table S3
(n-doping) of the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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