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ABSTRACT: We study temperature-dependent hole transport in ideal 100
crystal-phase poly(3-hexylthiophene) (P3HT) with ab initio calculations,
with the aim of estimating the maximum mobility in the limit of perfect order.
To this end, the molecular transfer integrals, phonon frequencies, and
electron—phonon coupling constants are obtained from density functional
theory (DFT). This allows the determination of transport properties without
fit parameters. The strong coupling between charge carriers and vibrations
leads to strong scattering and polaronic effects that impact carrier transport. ﬂntrachain
By providing an intrinsic mobility limit to ideal P3HT crystals, this work interchain

allows identification of the impact of disorder on the temperature-dependent 0.01 L L L . L
transport in real samples. A detailed analysis of the transport-relevant phonon 0005 001 0015 002 0025 003
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modes is provided that gives microscopic insight into the polaron effects and VT
hints toward mobility optimization strategies.
1. INTRODUCTION separate the density of states into immobile (trapped) and

mobile states to reproduce experimental data®*~** with fitted
parameters. These approaches can, therefore, give first
indications on the maximum intrinsic carrier mobilities when
traps are reduced. However, theoretical models that rely on fit
parameters obtained from experimental data have difficulty in
separating the respective influence of disorder and intrinsic
polaronic effects on the mobility.*”

This theoretical work focuses on the first-principles
description of idealized P3HT crystals and is based on the
Kubo formalism*® and a Holstein Hamiltonian," for which the
material parameters, including all optical phonon frequencies
and electron—phonon coupling constants, are obtained from
density functional theory (DFT). This enables us to describe
the transport properties of P3HT, including polaron effects.
Charge carrier localization at defects and the related hopping
phenomena are not considered. Thus, this study provides an
upper mobility limit by considering transport in a perfectly
ordered structure. We also analyze the impact of specific
vibrational modes and the variability of transport by tuning
these modes.

Poly(3-hexylthiophene) (P3HT) is one of the most studied
organic semiconductors with p-type transport characteristics,
which, however, exhibits only moderate carrier mobility. To
estimate the possible limit of hole conduction in this polymer, it
is helpful to understand the underlying charge-transport
processes and the impact of vibrations in detail. In addition, a
detailed knowledge on the impact of disorder and how to reach
this limit is desirable. In fact, numerous publications address the
conductivity of P3HT: Improved transport properties have
been reported for chains with high molecular weight (MW) in
refs 1—4 and have been associated with band transport in films
composed of long polymer chains’ whereas hopping processes
dominate in low-MW polymer films. The conductivity of high-
MW polycrystalline P3HT films was found to be highly
anisotropic, with smaller mobilities being perpendicular to the
chains rather than parallel to them.®”® In addition, the influence
of temperature,”””™"* frequency,'”'® electric field,”'®"”
structure,”' V1371517723 external strain,?*"*® and oxidation

on the transport properties of P3HT was investigated
experimentally and theoretically.

Many molecular dynamics studies have been performed to 2. METHODOLOGY
analyze the influence of temperature on the P3HT structure

and transfer integrals (see, e.g, refs 11, 13, 18, and 23). 2.1. Charge-Transport Theory. Recently, a transport
theory for organic crystals based on the Kubo formula and the

Holstein Hamiltonian has been developed.42 The electron—
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phonon interaction is described using electron—phonon
coupling constants (g;) for the individual phonon modes ().
For the evaluation of mobility, we integrate local and nonlocal
couplings that are present in P3HT in a set of effective coupling
constants according to g; = Y.,g}; for each mode (). The total
charge carrier mobility in this theoretical framework includes

phonon-assisted contributions**
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which are dominated by purely incoherent terms at higher
temperatures, such as in the Marcus theory and in variable-
range hopping approaches. The indices L, M, and N in eq 1 run
over the next-nearest neighbors (lattice vector R) in the a and ¢
directions (the transfer integral in the b direction is negligible;
see below), and the k sum runs over the first Brillouin zone. 1,
is the Fermi occupation for the state with energy &.
Furthermore, N./Ng, = 107 is the charge carrier concentration
per unit cell and //7 = 0.1 meV is a small parameter that is
chosen for consistency with the limit of ultrapure crystals. The
total mobility calculated for the temperature range considered
here is numerically robust with respect to 7: It changes only by
a few percent at low temperatures (<100 K) if 7 is doubled or
halved (remaining in the ultrapure limit). Beyond being just a
numerical parameter in the first place, 7 can also be assigned an
additional role as the effective scattering time. This is given in
the Appendix.

Assuming complete phonon dressing of the charges, the
polaron transfer integrals € are determined from the electron
transfer integrals € of the crystal as

€ = €y eXP[_Z 1+ 21\&)&’,12]
P )

where N, denotes the Bose—Einstein distribution function for
the phonon mode with energy ;.

The second contribution to the mobility stems from the
coherent band transport according to
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The sum of both parts yields the total mobility and is studied
throughout the article. This method has already been proven
successful for studying the transport properties of naphtha-
lene,*** durene,*** and guanine44’46 in the relevant temper-
ature regime.

2.2. Ab Initio Simulations. To evaluate the above formulas
for P3HT, its electronic and vibrational properties have to be
determined. For that, we use DFT, as implemented in the
Vienna ab initio simulation package.”” Bulk P3HT is modeled
using a supercell with periodic boundary conditions. Projected
augmented wave pseudopotentials*® are used to describe the
ion—electron interaction. The generalized gradient approxima-
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tion is used with the Perdew—Burke—Ernzerhof functional*”*°

to describe the electronic many-body interactions. Dispersion
interaction is known to influence the structural properties of
soft matter such as P3HT aggregates.”’ Here, dispersion is
taken into account using the so-called DFT-D approach, that is,
a semiempirical London-type correction term>>* with the
parameters suggested by Grimme®® (DFT-D2).

Plane waves up to an energy cutoff of 400 eV are used as the
basis set for the expansion of electron wave functions.
Monkhorst—Pack meshes of special k points®® are used to
sample the Brillouin zone. Specifically, we use 16 k points in
the interchain direction (a), 8 in the intrachain direction (c),
and 4 along the hexyl-side-chain direction (b) (cf. Figure 1).

a c

Figure 1. P3HT monomer with its unit cell. Large, medium, and small
balls indicate S, C, and H atoms, respectively.

The P3HT crystal is modeled based on a HT-P3HT
monomer consisting of 50 atoms within a unit cell, as described
in ref 51 (cf. Figure 1), and with periodic boundary conditions
applied. From DFT calculations, we obtain 150 phonon
frequencies and displacement patterns as well as the electronic
band structure of P3HT. The uppermost valence band
corresponding to the molecular highest occupied molecular
orbital (HOMO) is fitted to a tight-binding model

e(k) = ¢, + 2¢, cos(k-a) + 2¢, cos(k-c) + 2¢,, cos(2k-c)
(4)

where €, is an energy offset that does not influence the result.
The electron—phonon coupling constants g, for all phonons 4
and all directions (i = 0 for local coupling and i = a, ¢, 2¢, 3c for
nonlocal coupling) are obtained by numerical differentiation of
the transfer integrals to the phonon displacement (see ref 59
for details) and enter the calculation of the effective coupling
constant g, for each individual mode.

+ 2¢,, cos(3k-c)

3. RESULTS

3.1. Material Parameters. The set of transfer integrals is
obtained as €, = 162 meV, ¢, = 421 meV, €,. = —26 meV, and
€3, = 22 meV. We note that the band structure (eq 4) does not

DOI: 10.1021/acs.jpcb.6b03598
J. Phys. Chem. B 2016, 120, 5572—5580


http://dx.doi.org/10.1021/acs.jpcb.6b03598

The Journal of Physical Chemistry B

2 2mm . N ; ——

5 ) I | | T1 I

2 15 — Theory -

8 s — Literature

2 1 ’ i

3 (A)

=3 (D) (B)

S N)

3 © | P ¢ \™, ® ©

8 05 I ®a o \\ ® -
0) (L)P Q) / (M)

£ P el Ry

s 0 s

50 100 150

Phonon energy [meV]

Figure 2. Electron—phonon coupling constants for P3HT. The
present calculations (red) are compared with a set of experimentally
determined modes from refs 57 and 58 (blue, redshifted by 4 meV).
Note that the references provide relative coupling strengths only. The
labeled phonon modes are visualized in Figures 5 and 6. We observe a
phonon gap between 190 and 363 meV, which has been suppressed in
the figure.

contain a transfer integral in the hexyl-side-chain direction (b),
as it turned out to be negligible.

The calculated electron—phonon coupling constants are
summarized in Figure 2 and are compared with those given in
available literature data. We find that the vibrational spectrum is
dominated by strongly coupling modes at low energies
(indicated as modes 1—6 in Figure 2). Their large coupling
strengths are a consequence of their low frequencies, which
enter inversely as a prefactor in the coupling constant
calculation.”” Additional relevant phonon modes are labeled
in Figure 2 and are discussed in detail below. Unfortunately,
there are no literature data available for phonon frequencies
below 70 meV. However, for the data available, the phonon
frequencies and coupling strengths calculated here agree well*’
with the parameters determined in refs 57 and 58.

3.2. Hole Mobilities. On the basis of the above material
parameters, we calculate the hole mobility in P3HT from eqs 3
and 1. The results are shown in Figure 3ab as linear and
Arrhenius plots, respectively. Mobilities reach about S0 cm?/(V
s) and increase with temperature. At high T, this increase starts
to saturate. Such large intrinsic mobilities in ideal P3HT
crystals are conveyed by large electronic coupling along the
polymer chain with dominating &, = 421 meV. Despite this
large transfer integral, the dominating mobility contribution
results from phonon-assisted transport (eq 1), which is largely
due to the strong coupling modes with low vibrational energies.
As shown in Figure 2, many strong coupling modes occur that
suppress the coherent transport but still produce high phonon-
assisted mobilities with an activation behavior as discussed
below.
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Figure 4. Calculated hole mobility assuming that the six lowest
phonon frequencies are increased by 10% (green) or that the phonon
frequencies larger than 80 meV are increased by 10% (orange) in
comparison with the actual values (red).

While comparing the present calculations with measure-
ments, it should be kept in mind (1) that experimentally an
average mobility is measured that also accounts for charge
carriers that are trapped®”®"®* and (2) that the present
calculations are performed for a perfect P3HT crystal. Thus, the
calculated mobilities represent a limiting case for idealized
conditions. Therefore, we compare our results with the
experiment-based estimates of intrinsic mobilities. Because of
the experimental challenge for P3HT to enter the regime of
non-trap-limited mobilities,”*”**™®° several authors have
attempted to obtain such indirect estimates of intrinsic
mobilities. One approach amounts to fitting the temperature-
dependent transport data to a mobility-edge model. This
estimate yields effective mobility values of about 1 cm?/(V
s)*7" (with some variability), which are orders of magnitude
larger than the range of trap-limited values typically
encountered.”*”**™% The present calculations based on a
disorder-free model result in higher intrinsic values than the
estimates obtained in the mobility-edge model from the trap-
limited transport but agree well with the theoretical work of
Northrup.*® He calculated a mobility of 31 cm?/(V s) at room
temperature employing an acoustic deformation potential
scattering model.”

We extract an activation energy for transport of about 8 meV
from the Arrhenius dependence over a large temperature range
shown in Figure 3b. As expected, this energy value is lower than
that in trap-limited transport regimes and is consistent with the
high mobilities calculated here.

Experimental activation energies were found to depend
strongly on the presence of defects, such as grain
boundaries,®®*™7° and values between 50 and 140 meV>""! are
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Figure 3. (a) Transport results for a P3HT crystal in the intrachain and interchain directions. The coherent transport contribution is negligible in the
depicted temperature range. (b) Same data as in (a) but as an Arrhenius plot.
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Figure S. Calculated eigenvectors of the relevant soft phonon modes (see text). The indicated energies are phonon energies 7w in meV.

reported. Even in high-MW films, the P3HT chains are strongly
kinked and folded,®>”! which will increase the activation energy
distinctly above its intrinsic value. By factorizing the effective
mobility as the product of a disorder and a polaron term,
Chan§ et al. determined activation energies between S and 30
meV.”

Figure 3 shows the calculated transport anisotropy for
interchain and intrachain mobilities, which reaches a factor of
about 25. The interchain transport shows a similar temperature
activation as the intrachain transport. Experimentally, the
intrachain mobility is at least an order of magnitude larger than
the interchain mobility,70 similar to the present calculations.
The mobility anisotropy decreases clearly, however, with
increasing temperature because of melting effects.”” Melting
as well as thermally induced crystallization and creation of small
crystallites with additional §rain boundaries and a reduced
number of bridging chains” is not included in the present
theory.

We note that in our approach the polaron dressing related to
very soft phonon modes might also be modeled as a static
disorder because of their low vibration frequencies. To explore
the robustness of our maximum mobility values with respect to
such a modified treatment, we performed additional
calculations where the soft phonon modes are modeled as
effective temperature-dependent disorders; see Appendix A.1
for details. The mobilities resulting from this approach are
somewhat larger (increased by at most a factor of 2 for the
studied temperatures) but essentially confirm the order of
magnitude for the hole mobilities presented in Figure 3.

Here, we focus on the general impact of the low-frequency
vibrations on the carrier mobility, which is analyzed in more
detail in the next section.

3.3. Influence and Tuning of Molecular Vibrations. To
obtain a deeper understanding of how phonons modify the
intrinsic charge transport and to possibly assist molecular
design in this regard, the influence of the most relevant phonon
modes on the transport characteristics is studied in detail. For
this purpose, the phonon frequencies are varied. This implies
variations of the electron—phonon coupling constants accord-
ing to g; ~ ;¥% We compare two different scenarios that
analyze the possibility of increasing the mobility by reducing
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the electron—phonon couplings through increased mode
frequencies (by 10%). Low- and high-energy modes are
considered separately in the two cases: (1) modification of
high-frequency modes (modes with energies above 80 meV)
and (2) modification of low-frequency modes (lowest six
modes; see Figure 5). For instance, the latter scenario could be
realized by making the P3HT polymer backbone less flexible.

The resulting temperature-dependent mobilities are plotted
in Figure 4. We observe that a frequency blueshift by 10% for
the lowest six phonon modes increases the low-temperature
mobility considerably but has less influence on temperatures at
or above room temperature (8—15% increase). Thus, stiffening
the polymer matrix to lock the torsional modes (or at least
increase their vibrational frequency) can indeed moderately
improve the transport properties of P3HT.

In the second scenario, transport calculations are performed
with blueshifted high-energy modes. Their importance for
transport in a variety of molecular systems is well known.”* We
increase the frequency of modes above 80 meV by 10%
(compare with Figure 6 for strong coupling modes). As a result,
the hole mobilities are increased considerably, in particular at
room temperature and above (orange line in Figure 4). An
increase in the mobility is expected in both scenarios based on
the argument of decreasing polaron binding energy E,, =
>,(1/2)gihw;. This energy acts as a barrier for the phonon-
assisted transport. The larger increase in mobility upon tuning
the high-frequency modes is due to their stronger contribution
to Epq.

As can be seen in Figure 4, the increase in mobility by tuned
low-frequency modes is larger than that by the high-frequency
modes only at low temperatures. To understand this effect, we
evaluate eq 1 analytically, assuming that there are only two
effective phonon modes—one with a low frequency (fiw; <
ksT) and the other with a high frequency (Aw, > ksT). The
mobility depends on the frequencies and coupling constants (g,
and g,) according to (see Appendix A.2 for a derivation)
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Figure 6. Calculated eigenvectors of relevant high-energy phonon modes above 80 meV, ordered according to their polaron binding energy. The
indicated energies are phonon energies A in meV. The HOMO orbital character is indicated on top left.

1 1 2 2 From the above equation, note that the modification of @, to
e R e—gl /(1+2.N1)'e—2gz 1
wg \ (1 +2N) higher values results in a total increase in mobility (because of

! the reduced coupling g ~ @7¥?), leading to a stronger
~ h oEhoy /AT 2] activation behavior at low temperatures. As the low-frequency
812w1'2kBT ) modes have much higher coupling constants than the high-

frequency modes (cf. Figure 2), their decreased coupling
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constants lead to higher mobilities in this low-temperature
regime. At higher temperatures, we observe that the increase in
mobility is proportional to the increase in the soft mode
frequency w,. Hence, the absolute mobility improvement due
to blueshifted soft modes is as strong as the frequency shift
itself (10% in our case).

In contrast, @, has a comparably high energy. This makes its

contribution approximately temperature independent (Ne_zé)
but very sensitive to modifications of g,. Hence, at and above
room temperature, the blueshift of the high-frequency modes
increases the mobility more strongly. Therefore, it is interesting
to identify the important high-frequency phonon modes of
P3HT and to investigate their displacement patterns to possibly
modify them in P3HT.

The 17 most relevant high-frequency modes are shown in
Figure 6, ranked by their contribution to E,,. This ranking
differs from a sorting by coupling constants because of a
frequency-dependent prefactor. Modes A and B are most
important among the phonons shown in Figure 6. They feature
large vibrational amplitudes at the ring carbon atoms and thus
strongly affect the HOMO, which explains their relevance to
hole mobility.”” The HOMO, indicated by blue isosurfaces in
Figure 6 (top left), corresponds to 7 states at the C=C ring
bonds and has nodes at the inter-ring connection and at the C—
C bond opposite to sulfur. Vibrations D, F, and M, which do
involve carbon atoms at the thiophene unit but mainly at the
node positions of the HOMO, affect the transfer integrals
somewhat less. This also holds for modes K and N, where the
stretching and compression of C=C bonds nearly compensate
each other because of the asymmetric nature of the vibration.
Out-of-plane movements of C atoms (e.g., in mode J) are also
of little relevance to the transfer integrals, as they are
accompanied by small bond length changes only.

Some of the modes discussed above have been identified
experimentally: in refs 75 and 76 a strong symmetric C=C
mode is reported at 179 meV, in good agreement with the
present mode C. Furthermore, a weaker antisymmetric C=C
mode was detected at 187 meV,”>”® which is coincident with
mode K at 190 meV. A C—C stretching mode at 171 meV is
also reported in refs 75 and 76, which matches perfectly with
mode E, where the C—C bonds opposite to the sulfur atom are
stretched and compressed. Vibration G involving the sulfur
atom, which is calculated here at 80 meV, is detected in ref 76
at 84 meV.

High-energy modes involving hydrogen atoms are typically
negligible for the relevant transfer integrals. Mode F at 99 meV
(experimentally detected as “CH out-of-plane bending of the
thiophene ring” at 102 meV’®) is one exception in this respect
since it also involves backbone C atoms. Similarly, the influence
of the hexyl-side-chain vibrations on the transfer integrals is
minor (cf. modes O—Q) as long as their rotation or stretching
and buckling do not affect backbone C atoms as in modes G, H
and L.

4. CONCLUSIONS

In summary, first-principles calculations for the band structure,
phonon modes, and electron—phonon coupling constants
together with charge-transport simulations within the Kubo
formalism have been performed to predict and rationalize the
temperature-dependent hole mobility in ideal P3HT crystals.
On the basis of this approach, a well-defined limit for the
mobility in a crystalline material is determined, which helps in
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the interpretation of experimental data in which polaron and
disorder effects manifest themselves in qualitatively similar
ways.” In contrast to soft phonon modes, which exhibit very
high electron—phonon couplings, high-frequency molecular
vibrations with strong coupling constants are found to reduce
hole mobility considerably at room temperature. In particular,
modes that deform the C=C bonds in the thiophene rings are
detrimental to the charge transport.

Although material modifications that reduce the influence of
these modes might moderately improve hole mobility, our
calculated mobilities demonstrate that far stronger effects can
be expected by further increasing the crystallinity of present
P3HT-based devices. A comparison of our theoretical
calculations for ideal crystals, including polaron effects, with
the measured values of various P3HT films indicates that the
experimental samples suffer from significant structural disorder,
which influences most strongly the device performance by
decreasing the carrier mobility by more than 2 orders of
magnitude below its ideal value, which we determine as 50—100
cm?/(V s) at room temperature.

B APPENDIX

A.1. Semiclassical Treatment of Soft Modes and Static
Disorder

In this section, we consider another variant of our transport
approach. For this purpose, the low-frequency modes below a
cutoff frequency (w < @) are treated semiclassically via the
scattering time 7 in eqs 3 and 1. In this way, the scattering time
can be employed for describing scattering beyond the
vibrations that are treated in the polaron framework. A
semiclassical treatment of vibrations may be justified when
their motion is slow compared with the carrier transport time
scale. In such a case, the Holstein (—Peierls) Hamiltonian is
restricted to the remaining phonon modes by subtracting the
low-frequency contributions H_,pjo,- The remaining modes
(@ > w() still contribute to polaron dressing and are treated in
the original way as described in Section 2.

A semiclassical treatment of the low-frequency modes
induces a change in the potential landscape (because of their
electron—phonon coupling) in which the charge carriers move.
This potential landscape has to be determined and is obtained
from the mean occupation of the modes and their couplings to
the onsite energies and transfer integrals. From the knowledge
of the variance of the vibrational displacement (the mean is 0)
and its impact on the electronic energies according to
(H3_prjow), we calculate this random disorder potential

2, hay 1 + 2(N,) ¢AA4NgA’;N. Here, we chose ¢k at
random for all P3HT lattice points M,N (see the corresponding
tight-binding model) such that its variance reproduces the
temperature-dependent value (Hgl,PH,Iow) caused by all of the
modes, 4, with @, < @c. We analyze the random disorder
potential by fitting a Gaussian to the distribution of onsite
energies and transfer integrals and extract their widths ¢ for
each given temperature. Finally, the scattering time 7(T) is
calculated as 7 = +/27/0(T) and is used to evaluate eqs 1 and
3.

We first chose @ such that the six lowest phonon modes
that couple strongly (see Figure S) are treated classically, which
amounts to setting wc = 12 meV. As a result, we observe that
the mobility is enhanced at room temperature compared with
that in the original treatment (see Figures 3 and A.1). The
activation energy calculated within the quasi-static disorder

static __
HMN -
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Figure A.1. (a) Transport results for a P3HT crystal in the intrachain and interchain directions where the lowest six phonon modes are not treated
quantum-mechanically but as a static disorder. The solid curves depict 4(I) and dashed curves depict coherent transport u(II). (b) Same data as in
(a) but as an Arrhenius plot. (c) Mobility dependence on the cutoff E¢ = fiwc at 300 K (see text).

model increases to 21 meV. Although the two approaches lead
to quantitatively different results, the results are of the same
order of magnitude for the calculated hole mobilities at ambient
temperatures. The coherent contribution to the mobility is
strongly increased compared to that in the original treatment
(compare Figures 3 and A.l1) and starts to dominate at
temperatures below 150 K. We emphasize that such behavior is
expected in the absence of traps at the valence band edge,
which would strongly reduce the low-temperature mobility.
Such a description, however, would require a microscopic
modeling beyond the temperature-dependent effective disorder
parameter 7(T), which is outside the scope of this article.

In Figure A.1 we further show the influence of the cutoff
frequency (at 300 K) and calculate the total mobility as a
function of wc. We observe only weak changes for even higher
cutoft frequencies up to a classical description of all vibrations
at wc = 390 meV. Indeed, with the two illustrated cases (wc =0
in Figure 3 and @¢ = 12 meV in Figure A.1), we have already
captured the largest and lowest values for room-temperature
mobility.

A.2. Two-Phonon Model

To better understand the physics in eq 1 and quantitative
changes in the mobilities upon modification of the phonon
parameters in Section 3.3, they have been evaluated analytically
using several approximations. Because of the large electron—
phonon coupling constants in P3HT, the exponential factor in
eq 2 leads to a strongly reduced bandwidth for the HOMO,
which suggests a narrow band approximation®” for hole
mobility, which can be written as

es(l — ¢
(npa) _ ol = ¢) YRR e 1), @)

b 2T < 6)
with
Hoy o) = [ dex expla 3 [(1 -+ 2N) (cos(ay)
-0 1
— 1) - isin(wyt)]g’} ¢ @)

Furthermore, we apply a two-phonon model with a low-
frequency @, and a high-frequency w, such that Aw, <kT <
hw,. For the high-frequency mode, we approximate its
contribution by zero-point vibrations and set N, & 0 for the
temperature range considered. With these two assumptions, the
time integral in eq 7 reads
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/ dt exp[—gf(l + 2N) o/t — 2ig12a)1t]

exp[2g) (7 — 1)] 8)
The time integration is solved analytically, and we obtain
T —202
o, w,) =h e 2%
v \/ 2, oy (1 + 2N,)
S k
x Z (Zgzz) exp| — (ha)zk + 4"Epol,l)z
il 8E, o, (1 + 2N,) ©

with the polaron binding energy of the low-frequency mode
Epo = (1/2)ho,g.

Only the zeroth order of the k sum is applied in eq 9 as it
represents a dominant term in the formula of mobility. Higher
orders are suppressed strongly by the high frequency, w,,
entering the exponential factor. This finally results in the high-
temperature limit of the incoherent mobility

T

oma) _ ol =) T
4E o Ky T

R, R, € X
o 2hk, T 2 RuRyye

L

—Epolyl/kBTe—Zgzz ~ T~3/2e Epa/ kT

(10)

€

in accordance with ref 42.
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