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ABSTRACT: Density functional theory calculations have been performed to assess the
electronic structure of graphene overlaid with a monolayer of electro-active conjugated
molecules, being either electron donors or electron acceptors. Such a noncovalent
functionalization results in a work function modification that scales with the amount of
electron transfer from or to graphene, in line with the formation of an interfacial dipole.
The charge transfer is accompanied by a pinning of the donor HOMO/acceptor LUMO
around the Fermi level and a shift in the vacuum level. The use of the Boltzmann
transport equation combined with the deformation potential theory shows that large
charge carrier mobilities are maintained upon noncovalent functionalization of graphene,
thereby suggesting that molecular doping is an attractive approach to design conductive

graphene electrodes with tailored work function.

SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis

raphene, a single layer of graphite, was first obtained by

Novoselov and co-workers." Due to its special honey-
comb structure, the valence band (VB) and the conduction
band (CB) intersect at the Dirac point, and the energy-
momentum dispersion is essentially linear around the Dirac
point. This results in the excellent electronic properties of
graphene, especially the ballistic charge transport with
extremely high charge carrier mobility up to 2 X 10° cm?/(V
s).” Therefore, graphene-based nanoelectronics have been
considered as a promising alternative to conventional silicon-
based microelectronics.’ > Due to the intersection of VB and
CB, the Fermi level in pristine graphene goes exactly across the
Dirac point. By shifting the Fermi level relative to the Dirac
point, the carrier type and concentration in graphene can be
controlled through electrical doping with an external electric
field®” or chemical doping with different atoms and/or
molecules.®”

It has been shown that graphene can be n-doped by
depositing alkali metal atoms on the surface.'” However, the
carrier mobility of graphene can be significantly reduced in the
presence of the charged impurities. After doping with N or B
atoms, graphene becomes n-type or p-type, respectively.'""
Wei and co-workers show that there are many ripples in the
graphene sheet as a result of N-doping, and the resulting
mobility of N-doped graphene is rather low compared to
undoped graphene, with values in the range 200—450 cm?/(V
s)."” The electronic properties of graphene can also be tuned by
chemical modification like partially or fully hydrogenation and
fluorination.'>'* However, due to the strong covalent bond of
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C—H and C-F, the sp2 hybridization of carbon atoms is
disrupted, and the induced structural defects and chemical
impurities can easily destroy the excellent properties of
graphene, especially the high carrier mobility. Calculations
based on density functional theory (DFT) show that the charge
mobility of hydrogenated or fluorinated graphene drops
dramatically compared to graphene."

On the contrary, noncovalent functionalization, through
physisorption of electron withdrawing/donating molecules on
the graphene surface, has been reported to be a simple and
effective scheme to nondestructively dope graphene.'®'” Here,
the doping is achieved by charge transfer between graphene and
the molecular dopants. Since the weak van de Waals (vdW)
interactions dominate in noncovalent functionalization, gra-
phene does not show strong structural deformation, and in
most cases the doping is reversible. Recently, Chen et al.'® have
used a strong electron acceptor, namely, tetrafluoro-tetracya-
noquinodimethane (F4-TCNQ), to modify the graphene
surface and have found that graphene is effectively p-doped
by giving electrons to F4-TCNQ. Voggu and co-workers have
demonstrated that graphene can be p-doped and n-doped by a
molecular donor tetrathiafulvalene (TTF) and a molecular
acceptor tetracyanoethylene (TCNE), respectively.'” Theoreti-
cal calculations can help gaining a better understanding of the
noncovalent interaction between graphene and the molecular
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Figure 1. Top and side views of the most stable configurations of TCNE, HATCN, and TTF adsorbed on graphene. x—y plane is the graphene

plane, and z is normal to the graphene plane.
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Figure 2. Properties of HATCN adsorbed on graphene. (A) Plane-averaged DCD Ap(z), charge transfer amount AQ(z), and top and side views of
the 0.001 A~ DCD isosurface (in the inset). The electron accumulation (depletion) region in the DCD isosurface is indicated by red (blue) color.
(B) Plane-averaged potential energy E(z). (C) DOS of the adsorbed system, PDOS of graphene and HATCN, and LDOS of the LUPS peak. (D)

DOS of a single HATCN molecule and LDOS of the LUMO peak.

dopants. Investigations based on DFT have been carried out on
graphene functionalized with typical electron donors and
acceptors, such as TTE,"®*2° TCNE,"™! and F4-TCNQ:18’22
The amount of charge transfer and the work function
modification have been obtained from these calculations.
However, so far, there has been neither systematic investigation
on the relationship between charge transfer process and the

2159

energy level alignment at the graphene—molecule interface, nor
numerical calculations on the influence of functionalizing
graphene with electro-active molecules on the resulting charge
carrier mobility.

In this work, we perform first-principles calculations on
noncovalently functionalized graphene with TCNE, TTF, and
hexaazatriphenylene-hexacarbonitrile (HATCN) (see Figure

dx.doi.org/10.1021/jz4010174 | J. Phys. Chem. Lett. 2013, 4, 2158—2165
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Figure 3. (A) Molecular HOMO and LUMO levels and Fermi level of the adsorbed systems. (B) Relationship between the amount of charge
transfer amount within the 4\/ 3 * 6 supercell and the molecular LUMOs. (C) Linear relationship between the work function modification of
graphene and the amount of charge transfer within the 4\/ 3 * 6 supercell. (D) Relationship between AE; jps and the molecular LUMOs. While the
red line shows the Fermi level pinning with AE; ;55 = 0.2 eV, the blue line shows the linear relationship between AE; ;ps and Ej 0. Dotted lines in
A, B, and D indicate the graphene Fermi level with the vacuum level shifted to zero.

1). While the presence of CN groups conveys a strong electron
acceptor character to TCNE and HATCN, TTF behaves as an
electron donor owing to its electron-rich sulfur atoms. In order
to systematically investigate the interaction between graphene
and various molecular dopants, we design two series of model
“gedanken” systems obtained by gradually replacing the CN
groups of TCNE and HATCN with H atoms (see Figure S1).
They are hereafter referred as T-nH (n = 1, 2, 3, and 4) and H-
nH (n=1,2,3, 4,5, and 6) according to the number of H
atoms. In the following, we investigate the adsorption
geometry, the amount of charge transfer, the density of states,
the work function modification, the energy level alignment, as
well as the carrier mobility of graphene covered with a
monolayer of the electro-active molecules.

We have considered various initial configurations for the
molecules adsorbed face to face on graphene. Our calculations
show that the energy difference between different config-
urations is small. Therefore, we only consider for further
investigations the most stable configurations that are in line
with previous results (see Figure 1).'®***! Due to its large
conjugated core, HATCN adopts AB-stacking as in graphite at
low coverage.”> While TCNE and HATCN keep their planar
geometries when adsorbed on graphene, the TTF core slightly
bends toward graphene, in line with investigations by Sun et
al.'® For all adsorbed systems, there is no significant distortion
of graphene with the rumpling less than 0.1 A; the mean
distance between graphene and the molecule is around 3.2 A.
The adsorption energy is calculated as E,g; = Egraphene + E
- Egraphene+moleculer where Egraphene+molecule is the energy of the

molecule
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molecular functionalized graphene, and Eg;phene and Epjecyte are
the energies of the isolated graphene and molecule with their
geometries frozen in the optimized adsorbed system. As shown
in Table S1, due to the strong electrostatic interaction of the
CN groups and the sizable 7—7 interaction with the conjugated
core, the adsorption energy of HATCN is the highest among all
molecular dopants investigated here.

In order to assess the electronic fingerprint of noncovalent
functionalization on graphene, we have computed the differ-
ential charge density (DCD) due to the molecular adsorption.
The DCDs for HATCN adsorbed on graphene are depicted in
the inset of Figure 2A. As expected from its withdrawing
character, HATCN gains electron when adsorbed on graphene.
In order to quantify the amount of charge transfer between
graphene and the molecule, the plane-averaged DCD Ap(z) is
obtained by integrating the DCD over the x—y plane.
Accordingly, for a plane located at distance z normal to the
graphene plane, the amount of charge transfer is calculated as
AQ(z) = /z_uAp(z')dz’. The plane-averaged DCD Ap(z) and
the amount of charge transfer AQ(z) for HATCN adsorbed on
graphene, plotted in Figure 2A, show that the charge transfer
reaches a maximum value of —0.375 e at the graphene—
molecule interface (e is the elementary charge of an electron).

Steps in potential energy induced by changes in charge
density can be calculated by solving the Poisson equation
V2E(z) = (e/ey)Ap(z), where E(z) is the plane-averaged
potential energy and &, is the vacuum permittivity. Figure 2B
indicates a shift in vacuum level when going from one side of
the graphene plane to the other. The vacuum level shift is
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Figure 4. (A) Band structures of the 2\/ 3 * 3 supercell graphene. (B) Band structures and PDOS of the 2\/ 3 * 3 supercell graphene noncovalently
functionalized with TCNE. (C) Five frontier bands around the Fermi level in B labeled as I, II, I1I, IV, and V. (D) Top and side views of the 0.015
A3 charge density isosurface at I" point for the bands labeled as I, II, IV, and V in C.

calculated as AE,, = Ei¢ht — Elf where EUM (Ef) is the
vacuum level on the right (left) side of graphene with (without)
overlaying molecules. For HATCN, E"8" is shifted up relatively
to B by AE,,. = 0.632 eV. As the vacuum level shifts, the
work function (@), defined as the energy difference between
the vacuum level and the Fermi level, is modified accordingly.
The work function modification of graphene on both sides is
calculated as AP'efUigh) — leftlright) _ @, phenes Where @ypere
is the work function of pristine graphene. We can get AD"" =
AD* + AE__ from Figure 2B. Our calculation shows that
A®"* js significant with a value of 0.124 eV after the adsorption
of HATCN. This is in contrast with previous investigations of
self-assembled monolayers (SAMs) on noble metals like gold
and silver, where the work function on the metal side remains
unchanged after the adsorption of SAMs on the other side of
the metal.”* Because of the reduced electron density in the
graphene layer, the work function of graphene is increased by
0.756 eV in the presence of the HATCN electron acceptor.

The density of states (DOS) for HATCN functionalized
graphene and the projected density of states (PDOS) onto
graphene and HATCN, shown in Figure 2C, reveal the
presence of a peak around the Fermi level in the DOS; analysis
of the PDOS shows that HATCN provides the main
contribution to this peak. To gain further insight, we next
analyze the local density of states (LDOS) by integrating it in
an energy window (+0.1 eV) around the peak (as shown in the
inset of Figure 2C). The LDOS displays the typical features of
the lowest unoccupied molecular orbital (LUMO) of HATCN
(see Figure 2D), thus the peak close to the Fermi level is
associated with the lowest unoccupied 7 state (LUPS) in the
adsorbed system. In other words, the LUMO of HATCN is
pinned around the Fermi level upon adsorption on graphene.
The phenomenon of Fermi level pinning (FLP) has been
widely observed for SAMs on Au.**** We define the energy
difference between the peak and the Fermi level as AE; g,
which is 0.167 eV for HATCN.
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As indicated before, the CN groups considerably contribute
to the high electron affinity of HATCN and, as a result, play an
important role in the charge transfer from graphene. By
replacing the CN groups of HATCN with H atoms, we obtain
six model gedanken molecules with different electron with-
drawing ability. From Table S1, we can see that as the number
of the CN group decreases, the adsorption energy, the vacuum
level shift, the work function modification, and the amount of
charge transfer all reduce in a monotonous way. For H-6H with
no CN group, the adsorption energy is as high as 1.129 eV due
to 7—x and CH—7 interactions.”® However, the amount of
charge transfer is almost zero, and the vacuum level shift and
the work function modification are negligible. The molecular
LUMO is no longer pinned around the Fermi level and AE yps
is as high as 1.060 eV (see Figure S2). Therefore, the FLP is
dominated by the charge transfer mechanism.

In Figure 3A, we schematically summarize the energy of
molecular highest occupied molecular orbital (HOMO) and
LUMO and the corresponding Fermi level of the adsorbed
systems, and compare these with the graphene Fermi level. If
the molecular LUMO is lower than the graphene Fermi level, as
found for TCNE, T-1H, HATCN, and H-1H—H-4H, electron
density drifts from graphene to the adsorbed molecules, the
Fermi level is downshifted, and the work function is increased.
The larger the energy mismatch between the molecular LUMO
and the graphene Fermi level, the larger the Fermi level shift
and the work function modification. Similarly, if the molecular
HOMO is higher than the graphene Fermi level, such as for
TTEF, electronic density is transferred from the adlayer to
graphene, the Fermi level is upshifted, and the work function is
decreased. If the graphene Fermi level lies between the
molecular HOMO and LUMO, as is the case for T-2H—T-
4H, H-5H, and H-6H, there is negligible charge transfer and
work function modification. Therefore, a simple calculation of
the molecular HOMO and LUMO levels of the electro-active
molecules provides a first hint on whether these are able to p-

dx.doi.org/10.1021/jz4010174 | J. Phys. Chem. Lett. 2013, 4, 2158—2165
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or n-dope graphene. As shown in Figure 3B, the amount of
charge transfer depends strongly on the molecular LUMOs for
the TCNE and HATCN series. For all adsorbed systems, the
work function modification is found to be linearly dependent
on the amount of charge transfer (see Figure 3C). This can be
understood according to the Helmholtz equation A® = —ep,/
(0A), which states that the work function modification A® is
proportional to the dipole moment per surface area y,/A. Since
the average distance between the molecule and graphene is
almost constant, the dipole moment is linear with the amount
of charge transfer. Therefore, the work function modification is
controlled by charge transfer at the interface. As shown in
Figure 3D, for the systems with charge transfer, the molecular
LUMOs are pinned around the Fermi level with a constant
AE;yps of ca. 02 eV; in the absence of significant charge
transfer, AE;yps is large and increases linearly with the
molecular LUMO. The FLP is also observed in TTF-
functionalized graphene with the HOMO of TTF pinned
around the Fermi level (see Figure S3).

It is well-known that conventional DFT functionals tend to
underestimate energy bandgaps. Recently, the screened
exchange hybrid exchange-correlation functional HSE*”** has
been shown to yield electronic structure for molecules and
solids in closer agreement with experiment.29 Therefore, we
have also applied the hybrid functional HSE06>® with
dispersion correction®® (HSE-D) in order to gauge the
robustness of the findings above based on PBE-D (see
Methods). As expected, the HSE-D molecular band gaps are
larger than the corresponding PBE-D values. For example, the
band gap of HATCN increases from 2.54 to 3.73 eV. Yet, the
FLP phenomenon is still observed with AE; ;pg = 0.181 eV (see
Figure S4), which suggests that the present conclusions are
weakly method sensitive.

The electronic band structures of graphene and non-
covalently functionalized graphene with TCNE series are
depicted in Figures 4 and SS. The intersection of the VB and
CB at the I' symmetry point (instead of the K point) arises
from band folding of the 2\/ 3 * 3 graphene supercell, which
also results in two degenerate VB (CB) frontier electronic
bands with linear energy-momentum dispersion around the
Dirac point. For the systems with negligible charge transfer,
such as graphene functionalized with T-nH (n = 2, 3 and 4), the
linear dispersion relationship is preserved around the Fermi
level, while a flat band associated with the quasi noninteracting
molecules appears far away from the Fermi level. However, for
the system with significant charge transfer, especially graphene
functionalized with TCNE in Figure 4B, the Fermi level is
shifted 0.37 eV below the Dirac point due to the partial charge
transfer from graphene to TCNE, and a flat band appears just
above the Fermi level. This is mostly contributed by the
LUMO of the TCNE molecules, as evidenced by the analysis of
the corresponding PDOS and LDOS (see Figure 4B). Since VB
and CB around the Fermi level play an important role in charge
carrier transport, we further analyze the five frontier bands of
TCNE functionalized graphene and plot their charge densities
at the I point in Figure 4C and 4D. As discussed above, the flat
band labeled as III arises from the LUMO of TCNE. For bands
IT and IV with a linear dispersion relationship as in pristine
graphene, the charge density is primarily delocalized over
graphene. Bands I and V, which deviate from the linear
dispersion relationship, feature charge densities that are
distributed over the whole system due to the interaction
between TCNE and graphene.

2162

The Boltzmann transport equation coupled with the
deformation potential (DP) theory is next applied to calculate
the room temperature (300 K) charge carrier mobility of
pristine and doped (by TCNE and its variants) graphene (see
Methods).*! The DP constant E,, the elastic constant C and the
hole (electron) mobility uh© along «x and y for the investigated
systems are listed in Table 1. The calculated hole and electron

Table 1. The DP Constant E;, the Elastic Constant C and the
Hole (Electron) Mobility u"®) along x and y for the 2\/ 3%x3
Supercell of Pristine Graphene and Noncovalently
Functionalized Graphene by TCNE Series

h e

E, C H H
direction  (eV) J/m?»)  (cm*/(Vs))  (ecm?/(Vs))

graphene x 2.492 34942 4.46ES 1.79ES
+ TCNE y 2760 400.79 3.88E5 1.S9ES
graphene x 3.698 346.01 1.29E6 3.44ES
+ T-1H y 2844 39178 2.40E6 5.88E5
graphene x 5.448 344.57 1.95E6 1.41E6
+T-2H ¥ 4830 39122 2.97E6 1.94E6
graphene x 5418 344.48 2.10E6 2.02E6
+T-3H y 5196  383.73 2.57E6 2.37B6
graphene x 5190 344.16 2.34E6 2.35E6
+ T-4H y 5192 38179 2.62E6 2.58E6
graphene x 5.316 345.24 2.27E6 2.26E6

y 5280 38119 2.57E6 2.53E6
graphene® x 5316 34524 L17ES LI3ES

y 5280 38119 1.33ES 1.26E5
graphene x 2.492 349.42 4.46ES 4.79ES
+ TCNE”

y 2760  400.79 3.88ES 4.26E5S

“Pure charge doping of graphene by shifting the Fermi level 0.37 eV
below the Dirac point. bNeglecting the contribution from the TCNE-
related flat band.

mobility of graphene, in the range 2.2—2.6 X 10% em?/(V s), is
in reasonable agreement with the experimental value of 2 X 10°
em?/(V s).> Compared with pristine graphene, the elastic
constant C is almost unchanged for all the adsorbed systems
since the interaction between graphene and the molecule is
weak and the induced structural deformation in graphene is
small. In the absence of significant charge transfer, such as
graphene functionalized with T-nH (n = 2, 3, and 4), the band
structure around the Fermi level in Figure S$ is similar to that
in Figure 4A. Therefore, the DP constant E; and as a result the
mobility are almost the same as in pristine graphene. By
contrast, upon charge flow from graphene to the electro-active
molecules (in particular, in the case of graphene functionalized
with TCNE), although the DP constant E; is systematically
reduced, both hole and electron mobility decrease, the effect
being more pronounced for the electron mobility. To gain
deeper insight on how noncovalent functionalization influences
charge transport, we have investigated the charge carrier
mobility in graphene: (i) in the hypothetical case of “pure
charge doping”, mimicked here by shifting the Fermi level 0.37
eV below the Dirac point (as in TCNE doped graphene); and
(ii) while excluding in the Boltzmann mobility calculations the
contribution from the TCNE-related flat band. The results
reported in Table 1 show that (i) a pure charge doping scenario
would yield hole and electron mobility that are 1 order of
magnitude less than the pristine graphene results, thus the shift
in Fermi level energy has a negative impact on charge carrier

mobility; (ii) both hole and electron mobility of TCNE doped

dx.doi.org/10.1021/jz4010174 | J. Phys. Chem. Lett. 2013, 4, 2158—2165
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graphene without the flat band are roughly a factor of 4 larger
than the pure charge doped graphene results, showing that the
negative impact of Fermi level shift on charge carrier mobility is
partly compensated by the reduced electron—phonon coupling
DP value due to the adlayer; (iii) the presence of a flat band
localized on the TCNE molecules has a negligible impact on
hole mobility (as that band lies well above the Fermi level) but
is responsible for a further drop by a factor ~2.5 of the electron
mobility, implying that the weakly dispersive TCNE-derived
LUMO bands in Figure 4B feed an additional electron trapping
mechanism. Overall, the charge carrier mobility in TCNE-
doped graphene thus results from the interplay between
antagonist effects: while the doping-induced shift in Fermi
energy away from the Dirac point is detrimental to both hole
and electron mobility, this is partly counterbalanced by the
smaller DP constant computed for the decorated graphene
sheets; for electrons, an extra contribution associated with
trapping further reduces the mobility. Yet, compared with
pristine graphene, the mobility of TCNE functionalized
graphene (which displays the largest amount of charge transfer
among the systems investigated here) is reduced by only 1
order of magnitude. As shown in Figure S, the higher the

e A
@
2
£
o
‘©
=
3
8 —H
0.1 r.--l---.l--..l-..-l.n.-
6 -5 -4 3 2 -
ELUMO[eV]

Figure S. Relationship between the molecular LUMO and the hole
(electron) mobility 4" along x and y for the 2\/ 3 * 3 supercell of
graphene noncovalently functionalized with TCNE derivatives. The
red and blue dash lines are the mobilities of pristine graphene along x
and y, respectively. The dotted line indicates the graphene Fermi level
with the vacuum level shifted to zero.

molecular LUMO, the smaller the amount of charge transfer
and thus the closer the mobility to that of graphene. Therefore,
it is in principle possible to achieve a compromise between the
work function modification and the charge carrier mobility in
noncovalently functionalized graphene, which paves the way
toward the use of molecular doping as a viable strategy for
conductive graphene electrodes.

In summary, we have investigated the changes in the
electronic structure of graphene upon physical adsorption of
electro-active molecules with varying donor/acceptor character
from first-principles DFT calculations. Our calculations show
that noncovalent functionalization of graphene results in a
partial charge transfer whose magnitude depends on the
energetic position of the dopant molecular frontier orbitals.
This reshuffling in the electronic density yields a change in the
work function that varies linearly with the amount of charge
transfer. The interfacial charge transfer is accompanied by a
pinning of the donor HOMO/acceptor LUMO molecular
frontier orbital that appears as flat bands around the Fermi
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level. We have also calculated the charge carrier mobility of
noncovalently functionalized graphene by applying the
Boltzmann transport equation and the deformation potential
theory. We find that in the absence of charge transfer from or
to graphene, the carrier mobility is almost the same as that of
graphene. In the n-doped case, both hole and electron mobility
decrease as a result of the shift in Fermi energy with respect to
the graphene Dirac point, although the effect is partly
compensated by a weaker electron—phonon coupling in the
presence of the adlayer; the lowering in mobility is more
pronounced for the electrons because of the presence around
the Fermi level of an extra flat band associated with the
acceptors that act as electron traps (at least at low coverage).
However, the charge carrier mobility of the doped graphene
remains substantial with a maximum loss of 1 order of
magnitude compared to pristine graphene. Therefore, non-
covalent functionalization appears as an effective way to
nondestructively tune the electronic properties of graphene.

B METHODS

The repeated-slab approach is adopted in our calculation where
the molecular dopant is adsorbed on one side of graphene with
a vacuum thickness of 17 A. According to the sizes of molecular
dopants, graphene supercells of 2\/ 3%3, 4\/ 3 * 6 and 3\/ 3%
3 are used for the adsorption of TCNE derivatives, HATCN
derivatives, and TTF molecule, respectively. Unless stated
otherwise, all calculations are performed within the Vienna ab
initio simulation package (VASP)**7>* using the Perdew—
Burke—Ernzerhof (PBE)** exchange-correlation functional and
a plane-wave basis set with an energy cutoff of 400 eV. Since
the vdW interactions play an important role in noncovalent
functionalization, the recently developed DFT including
dispersion corrections (DFT-D) method is applied.*® Due to
the asymmetric adsorption of molecules on only one side of
graphene, a dipole correction is applied.** The whole adsorbed
system is optimized until the remaining atomic forces are
smaller than 0.02 eV/A. All the three-dimensional isodensity
representations in our work are produced by XCrySDen.”’ In
order to benchmark the method above, we carry out the
calculation on graphite first. Our calculated lattice constants for
graphite are a = 2.464 A and ¢ = 6.434 A, which are in good
agreement with the experimental values a = 2.462 A and ¢ =
6.710 A® In addition, the calculated adsorption energy of
5.517 kJ/mol/layer/atom for graphene interlayer interatoms
almost coincidences with the experimental value 5.5 kJ/mol/
layer/ atom.>® We therefore conclude that the PBE-D method
properly reproduces graphene structure and energetics.

The Boltzmann transport equation has been applied to study
the intrinsic carrier mobility of carbon allotrope materials, such
as carbon nanotube (CNT),* graphene nanoribbon
(GNR),""* graphdiyne,**** and graphene.*® Perebeinos and
co-workers have studied the electron—phonon scattering in
semiconducting CNTs, and found that the scattering comes
entirely from the acoustic phonons under low field.*®
Therefore, we only consider the acoustic phonon scattering
process in carrier transport, which can be described by the DP
theory and the corresponding relaxation time can be expressed

31
as

121 kT

G k) h cE1 2, o0 _gi(k’)][l B
a\"’ k'

v, (i, k’)]
v, (i, k)
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where a is the direction of a weak external field. ¢,(k) is the
energy of the ith band at state k, which can be easily obtained
from the DFT calculations. The group velocity v,(i,k) along «
can be calculated as v(i,k) = Ve,(k)/f. C is the elastic constant
and E, is the DP constant. In order to obtain C and E;, the
lattice vectors are stretched and compressed along a. By fitting
the total energy with respective to the lattice change, C can be
derived from (E—E,)/V, = C (Al,/l,)*/2. Here, E, and V,, are
the total energy and cell volume at equilibrium, and I,y and Al,
are the equilibrium lattice constant and the lattice change along
a. The DP constant is defined as E; = Ae/(Al,/l,,), where Ae
is the energy change due to Al,. Generally, we take the energy
change at valence band maximum (VBM) and conduction band
minimum (CBM) for hole and electron, respectively. Finally,
the carrier mobility is written as

ZieVB(CB) /Ta(i’ k)V:(i’ k) exp[+¢,(k)/kpT] dk
T cvnieny | eplEe(k)/kyT] dk

he) _ ¢
= — x
T T

where the plus (minus) is for hole (electron). The sum of
bands runs over VB for hole and CB for electron, and the
integral of states is over the Brillouin zone.
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