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Further research on organic molecule crystals with spontaneous polarization as a possible candidate
for the bulk photovoltaic effect is urgently needed to meet the requirements for optoelectric devices.
We demonstrate the shift current in a type of molecular crystal that acts at high temperatures and con-
tains organic molecules with electron donor-acceptor groups, such as paranitroaniline derivatives. We find
an extremely strong multicomponent shift-current response along the parallel and perpendicular to polar
molecules of the crystals using density-functional simulations, which is more than 10 times larger than the
previously reported value for shift current over a broad spectral range from visible to ultraviolet spectrum.
Even more intriguing, the remarkable dependency of the conduction- and valence-band dispersions on the
lattice constant along polarization allows the shift current in these organic molecule structures to be tuned
under stress and doping. Our findings not only suggest a class of organic compounds for realizing the
highly controllable shift-current response, but also open up a channel for the search for solar materials.
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I. INTRODUCTION

The nonlinear shift current generated by polarized light
in single-phase materials with broken inversion symme-
try is one of the most efficient methods for converting
light directly into electricity [1—6] without the limitations
of the Shockley Quisser [7] and precise interface technol-
ogy in conventional solar cells with p-n junction [8,9].
The shift current, which is a dc, arises from the real-
space displacements of the conduction and valence Bloch
electrons created during the optical transition and can be
expressed in terms of a topological quantity formalism,
the Berry connection [10], that was introduced by von
Baltz and Kraut [11] to explain the bulk photovoltaic effect
(BPVE) in BaTiOs. In fact, the average spacing and direc-
tion of the Bloch electron shift (shift vector) [12,13] is
determined by the difference in the Berry connection of
the Bloch wave functions of the conduction and valence
bands, which have long been known to be nonzero in non-
centrosymmetric crystals. Subsequently, BPVE has been
intensively studied in ferroelectric oxides due to the lack
of inversion symmetry in these materials. Furthermore, the
relation between displacement vector and electronic polar-
ization (P.;) between conduction and valence bands [14]
has motivated recent studies to consider the shift current in
materials with large P [15,16].
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First-principles simulations have been used to calcu-
late shift current in various materials [8,9,17—19]. From
photocurrent response measurements and first-principles
calculations, a shift current in the low-temperature phase
(<81 K) of the organic molecular crystal tetrathiafulvalen-
p-chloranil (TTF-CA) [20] with a large ferroelectric polar-
ization has been recently reported [15,16]. As an organic
charge-transfer (CT) complex, TTF-CA consists of alter-
nating electron donor (D = TTF) and electron acceptor
(A = CA) molecules along the a axis [15,21-23]; the trans-
forms upon cooling at 7= 81 K from a neutral to an
ionic phase with large electric polarization along the stack-
ing direction. The CT between neighboring DA molecules
(intermolecular CT) in the low-temperature phase (<81 K)
is the main contributor to this large polarization along the
stacking direction. Although this was a major achievement
in the design of efficient solar cells, the main disadvan-
tage for the commercial exploitation of this photovoltaic
organic material is its low operating temperature. Fortu-
nately, however, there is an alternative way to achieve
large electric polarization in organic materials, in which
the CT can occur within molecules (intramolecular CT)
with electron donor-acceptor groups. These conjugated
systems with intramolecular CT have been studied [24]
for their high hyperpolarizability and made in experi-
ment by growing them from methanol at room temper-
ature. Here we show the use of organic molecules with
electron donor-acceptor groups, such as the derivatives
of paranitroaniline (pNA) (2-methyl-4-nitroaniline and
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2-amino-4-nitroaniline); alternative approach is to achieve
higher operating temperatures for photovoltaic organic
crystals. 2-amino-4-nitroaniline (ANA) [24] and 2-methyl-
4-nitroaniline (MNA) [25,26] crystallize in noncentrosym-
metric crystal structures functioning at low and room tem-
peratures, and their molecular units contain donor (—NH;)
and acceptor (—NO,) groups located at opposite ends of
the molecule. A material that hosts a large electron polar-
ization is a promising candidate that shows a large shift
current. Previous experimental and theoretical studies have
taken into account the nonlinear optical properties of these
organic crystals, which result from the CT properties of
their molecules [24,27,28].

In this paper, we study the electronic structure and shift
current of ANA and MNA molecular crystals by utilizing
first-principle calculations in the presence and absence of
external uniaxial strain. We focus only on the shift cur-
rent and therefore the scattering processes and the ballistic
current are ignored in this work. Our first-principles cal-
culations show that they are polar molecules and have a
large density of states. Near the band edge, these organic
crystals can generate a large shift current that is more than
10 times larger than the previously reported shift-current

FIG. 1.

value. We find that by applying the tensile and compres-
sive stress along the direction parallel to the polar axis of
the molecules, we can tune their shift current in the visi-
ble light energy range. In other words, by using uniaxial
stretching as a powerful tool to modulate band dispersion
and splitting, ANA (MNA) molecular crystal is a highly
efficient platform to achieve high operating temperatures
(room temperature) for shift current.

The structure of the paper is as follows. In Sec. II,
we briefly introduce the simulation methods. Section III
is devoted to the numerical results of the study, focus-
ing on the electronic and shift current of the ANA and
MNA molecular crystal structure. Finally, we summarize
our results in Sec. IV.

II. THEORETICAL AND COMPUTATIONAL
METHODS

Recent calculations using density-functional simula-
tions are available [29,30]. The electronic structures are
calculated using density-functional simulations, which are
implemented in WIEN2K [31] and QUANTUM ESPRESSO
[32] code packages to meet high-accuracy requirements.
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The crystal structure of 2-amino-4-nitroaniline (ANA) (top panel) and 2-methyl-4-nitroaniline (MNA) (bottom panel) at

high-temperature phases. ANA crystallizes in noncentrosymmetric orthorhombic P2;2,2; structure containing four molecules in the
unit cell and MNA crystallizes in the monoclinic system with space group /a.
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PBE-type [33] generalized-gradient-approximation func-
tional is chosen for the electron exchange-correlation
energy calculations. A 12 x 8 x 5 (7 x 4 x 6) Monkhorst
pack k-point mesh is used in the computations of electronic
structures of the ANA (MNA). Crystal lattices and the
internal coordinates of all structures are relaxed in a way
that every component of forces is less than 107% eV/A.
For considering the effects of strain, the uniaxial strain is
defined as (a — ag)/ag, where ay and a are lattice parame-
ters without and with strain, respectively, and ay is scaled
up to £5%. The shift-current tensor is calculated from the
formulation of Sipe and Shkrebtii [9,14,34—37], which is
implemented in Wannier90 [38,39]. The shift response ten-
sor along direction a induced by bc polarized light, shown
in Fig. 1, can be expressed as

O,Shift(o; w, —C())

abc
i le|? dk ca . ba
= 4h2 /BZ F Zﬁl”lk(rsznkrnmk + rmnkrnmk)
X [8(@mnk — @) + 8(@Wpmk — )] (1)

where, f..x = fuk — fmk 1S the difference between occu-
pation factors, wyx = wukx — @y 1S the band energy
difference, 72, is the bth Cartesian component of

bia t lized
rnmk represents generalize

the dipole matrix elements,

derivatives, which is defined as 7%, = 8,r? = — (4%, —
A% b, the integral is over the first Brillouin zone.

The term A% is the Berry connection matrix given as
Aﬁ’ymk =i < Upk|Ow|ux >, where |u, > denotes the cell

periodic part of a Bloch eigenstate. To obtain well-
converged shift-current spectra, we use dense k-point inter-
polation meshes of 100 x 100 x 100. The space group
P2,2,2, (la) to which the ANA (MNA) belong allows
for three (ten) independent nonvanishing components
of 04:(0; w, —w) tensors [39,40]: Xyz, Yxz, and Zxy
(Xoox, Xxz, Xyy, Xzz, Yxy, Yyz, Zxx, Zxz, Zyy, and Zzz). Pre-
vious studies [41] suggest that the potential excitonic
effects on the shift current in thin films can be insignificant.
Even though our calculation technique does not incorpo-
rate electron-hole interactions, we think that the impact of
the exciton in our results should be negligible due to the
large band gap and large effective masses.

III. NUMERICAL RESULTS AND DISCUSSIONS

ANA crystallizes in a noncentrosymmetric orthorhom-
bic P2,2,2, structure [25] containing four molecules in the
unit cell, while MNA crystallizes in the monoclinic system
with the space group /a [26] (Fig. 1). Lattice constants and
internal coordinates of ANA in high-temperature phase at
293 K are fully optimized and we obtain a = 3.70,b =
10.249, and ¢ = 17.19 A for lattice constants. Using a sim-
ilar procedure, for MNA we have a = 7.42,b = 11.79,¢c =
8.19A, 0 = y = 90°, and f = 94.04° in high-temperature
phase. These results are in complete agreement with those
data reported in experiment [24,25]. Note that although the
DFT calculations are performed at zero temperature, the
sample structure details are used in the high-temperature
phase. The temperature effects on the electronic structure
can only be considered in our calculations as a perturbation
(electron-phonon interactions) [42,43].
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FIG. 2.

(a) Calculated total density of states of the ANA and partial density of states for the functional groups of the ANA molecule.

The calculated bulk electronic band structure of the ANA (b) and MNA (c). All bands have low dispersions along the high symmetry
line of the BZ due to the weak intermolecular interactions. Because of the small intermolecular distance and higher intermolecular
interactions the band dispersion is more pronounced in the ANA. The indirect band gaps of 1.36 and 1.91 eV are obtained for ANA
and MNA, respectively. The density of states consists mainly of the p states of benzene ring and nitro group.
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As shown in Fig. 1, in ANA donor (—NH,) and accep-
tor (—NO;) groups of the molecules are nearly aligned
along the z direction leading to polar molecule with finite
polarization (p. = 3.4 wC/cm?) in unit cell pointing in this
direction. Since the polarization of the molecules in the
unit cell changes alternately, the total polarization of the
unit cell is zero. In MNA, molecules are not fully aligned
in the z direction and the polarization of the molecule
has nonzero components in the unit cell along the x and
y directions (p, = 16 pC/cm?, p, = 0.55 pC/cm?, p, =
13.4 nC/cm?).

In Fig. 2 we plot the electronic band structure and the
partial densities of the electronic states of ANA and MNA.
As shown, all bands show small dispersions along the high
symmetry line of the Brillouin zone (BZ) due to weak
intermolecular interactions. Because of the small inter-
molecular distance and higher intermolecular interactions,
the band dispersion is more pronounced in ANA. The PBE
calculations give indirect band gaps of 1.36 and 1.91 eV for
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ANA and MNA, respectively. The partial and total densi-
ties of states of the conduction and valence bands of ANA
are shown in Fig. 2. The overall DOS consists mainly of
the p states of the benzene ring and the nitro group. This
figure shows that the lowest conduction bands and highest
valence bands consist primarily of the acceptor nitro group
(—=NO;) and the benzene ring, respectively. As a result,
band-edge excitation from the valence band to the con-
duction band causes the charge density to shift from the
benzene ring to the nitro group (—NO;) of molecules.

The calculated band structures at different stress lev-
els and types, illustrated in Fig. 3, show that by applying
stress we can tune the band dispersion and splitting of these
molecular crystals to improve their photovoltaic efficiency.
We systematically apply the uniaxial stretching along the
direction parallel to the polar axis of the ANA molecule
(z direction) and consider the electronic band structure and
the evolution of the optical responses under stretching. Our
calculations show that the conduction bands move slightly
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The calculated band structure of ANA under compressive [(a),(c)] and tensile [(b),(d)] strain. The value of the Fermi energy

for +5% strained ANA is shifted down to 0.03 eV below the valence-band minimum to induce 0.1 holes/u.c in the structure. The
conduction bands move slightly down (up) under stress, while the shift of the highest valence band is negligible.
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down (up) under stress, while the shift of the highest
valence band is negligible. Interestingly, the band disper-
sion and splitting are altered under strain, leading to an
increase in the interband transition rate and hence the value
and photon energy rate of the shift current.

As already mentioned, the symmetry in ANA allows
three independent nonzero components Xyz, Yxz, and Zxy
for shift-current-response tensors, where the first letter
(capital letter) shows the direction of the shift current and
the others the light polarization. As shown in Fig. 4(a), in
ANA the shift current is at the same level along all direc-
tions in the visible spectrum, which is very desirable for
efficient conversion of solar energy. Although the direction
of polarization is along the z axis, ANA has a shift-current
response along the x and y axes. It is worth noting that the
same behavior has been reported in material systems such
as single-layer a-In,Se; and InBiSe; [44].

Except at the onset of photoconductivity, the shift cur-
rent along z is positive below 4 eV while other components
alternate between positive and negative values. The shift
current increases above the band gap and reaches 7 WA/ V?
between 2.5 and 3 eV, resulting from the shift of the space-
charge center between the valence bands of the benzene
ring and the conduction bands of the nitro group. Above 4
eV all components rapidly oscillate to 6 eV and gradually
become positive at higher energies. Note that the peaks are
extremely sharp because of the modest band-structure dis-
persion and the small volume of the unit cell. However, by
expanding the grid size to 120 x 120 x 120, we are able to
verify the convergence of the computation results.

The calculated shift current of MNA is shown in
Fig. 4(b). This figure shows that ten independent compo-
nents (Xxx, Xxz, Xyy, Xzz, Yxy, Yyz, Zxx, Zxz, Zyy, and Zzz)
are in principle allowed by symmetry, which contains
an extremely large peak compared to those previously

reported in the literature around 50 and 80 wA/V2 in fer-
roelectric PbTiO; (BC,N-A2) at 6 eV (1.3 eV) [9,45] and
chiral crystal RhBiS at 1.3 eV [46]. Put differently, our
calculations show the large values for the shift current in
MNA with strong peaks of 0.4 and 0.5 mA/V? at around
2.3 and 4.5 eV, more than ten times greater than typical
reported values for shift current. Each peak in Fig. 4(b)
corresponds to an optical transition between one of the
conduction and valence bands in the band structure of
MNA as illustrated in Fig. 4(c). We extract those tran-
sitions based on Eq. (1) since it determines a sum over
band-to-band transitions. The detected transitions below 5
eV are indicated in band structures in Fig. 4(c) by vertical
arrows. The first (4) transition involves mostly the transi-
tions from the VBM to the CBM band, while the second
(B) transition is from the VBM-1 to the CBM bands at
the path between Y(X) and I" points. The D (F) transition
is from the VBM (VBM-3) to the CBM+1 (CBM) bands
along I'Y and UR.

As shown in Fig. 4(b), MNA has transverse shift-
current-response components (Xyy,Xzz, Zxx, and Zyy),
where the shift current response is perpendicular to the
light polarization. The transverse shift current has a large
peak for the shift-current response along the Z(X') axis due
to yy polarized light, i.e., Zyy (Xyy). The Zyy component
is a dominant initial response with high value. The longi-
tudinal shift-current responses (Zzz) along the Z axis due
to zz-polarized light peaks above the band edge while the
Xxx component is negligible. In comparison, the transverse
shift current for MNA is larger than the longitudinal one in
all energy ranges. Among other components, Yyz shows a
strong increase to 0.2 WA/V? in the phonon energy win-
dow (23 eV). Therefore, our result shows that MNA is
a molecular crystal with a large shift current and mul-
ticomponent photoconductivity. In spite of the structural
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FIG. 4. The calculated photon energy dependence of shift-current tensors of (a) ANA in units of LA/V? and (b) MNA in units of
mA /V? that is generated by a second-order nonlinear field (oape, 2, b and ¢ = x, y, z axes). The optical transitions occur between bands
m and n with energy greater than band gap and so we have resonance absorptions when w = |wy,k|. The transverse shift current has a
large peak along the Z(X') axis due to yy polarized light. The transverse shift current for MNA is larger than the longitudinal one in all
energy ranges. (c¢) The calculated transitions below 5 eV for MNA are marked with vertical arrows in band structure.
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Comparison of Xyz, Yxz, and Zxy tensor components for (a) —2% compressive strain, and for (b) +2% tensile strain of

ANA in units of LA/ V2. Imposing uniaxial stretching along the z direction in ANA, the shift current tensors change significantly in
comparison with the ones without strain; the peak values depend on the magnitude and type of load applied as well.

similarity between ANA and MNA molecules, the molec-
ular packing along the x axis of ANA increases the band
dispersion and gives smaller values of nonlinear response.

Notice that MNA and ANA crystals are almost transpar-
ent, except for where they are parallel to molecules [25,47],
where the Glass coefficient, defined as o divided by the
absorption, is high. In a similar vein, our calculations’ find-
ings (Appendix A) indicate that ANA’s absorption coeffi-
cients for its yz,xz, and xy components are extremely low
(0.01 em™!), making it nearly transparent in these direc-
tions. In contrast to other compounds, the Glass coefficient
thus attains considerable values [17,41].

To improve the photovoltaic efficiency of ANA in the
visible and infrared, we use a stretching and doping strat-
egy to induce the peak in the shift-current response of ANA
in the infrared and visible spectrum. It is worth noting that
the same method can be applied to MNA. The applica-
tion of strain is an extremely challenging tool to modulate

5 6 71 8

0 1 2 3 4
Lo (eV)

FIG. 6.

electronic structures, band gaps, and optical responses of
materials for photovoltaic applications.

The results of shift-current calculations in Figs. 5 and 6
show that under uniaxial stretching along the z direction
in ANA the shift-current tensors change significantly in
comparison to the ones without strain, Fig. 4(a). More
specifically, the onset of the shift-current-response changes
very little depending on the type of load applied, while the
peak values depend on the magnitude and type of load
applied. In fact, stretching changes the band dispersion
and increases the band splitting, leading to an elonga-
tion of the energy windows of the shift current as well
as their peak value. Figures 5(a) and 5(b) show the shift-
current responses under +2% loading, respectively. Under
compressive stress of —2%, the peak values of the shift
current above the band gap become larger than those with-
out stress, Fig. 4(a), while under the stress of +2% they
remain practically unchanged, Fig. 5(b). Interestingly, the

(b)25“l"l"l"l“l"l"l"

Comparison of Xyz, Yxz, and Zxy tensor components for (a) —5% compressive strain and undoped of ANA and (b) +5%

tensile strain with hole doped of ANA in units of wA/V?2. The value of the Fermi energy for +-5% strained ANA is shifted down to

0.03 eV below the valence-band minimum.
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strain widens the energy windows of the shift current, in
particular, the shift-current responses have nonzero values
between 2 and 3 eV under —2% stress. At higher photon
energy we can observe the change in direction of the shift
currently under stress.

Our calculations show the same behavior for the shift
current under 5% strain [see Figs. 6(a) and 6(b)] and the
band gap decreases under 5% tensile strain by at most 0.1
eV away, Fig. 6(a). So we try to get the Fermi level right
to get the shift current in the infrared. In other words, to
account for the tunability of the shift current by regulating
the Fermi level of doped ANA, we set the Fermi energy
to 0.03 eV below the valence-band minimum in +5%
strained ANA, which is the smallest band gap that the tense
structure has. All components above the band edge become
twice larger under —5% stress. At higher photon energy
the Xyz component becomes dominant while Yxz gradually
decreases down to 5 eV. However, in a +5% strained struc-
ture, the shift-current response changes dramatically below
2 eV due to hole doping, Fig. 6(b). We find the large shift
current below 1 eV resulting from the transition between
the bands from the bands below the Fermi level. In fact,
hole doping can be used to induce shift-current responses
in the infrared.

It would be worth mentioning that the general results
could be applied for strained MNA as obtained for ANA.

IV. CONCLUSION

For the mass photovoltaic effect, molecular crystals
with charge-transfer properties are considered attractive
candidates. Molecular crystals are notable for their pow-
erful intermolecular and intramolecular charge transfer,
which can be further modified using field-effect tech-
niques, as well as stretching and doping molecular crystal
structures at high temperatures. We present the molecular
crystal structure of 2-methyl-4-nitroaniline and 2-amino-4-
nitroaniline as photovoltaic materials with charge transfer
originating from electron donor-acceptor groups within
molecules using density-functional theory and Wannier
interpolation. Even more fascinating, lattice strain along
the polarization direction and doping can be used to adjust
the shift-current response in these materials. Our calcu-
lations show that while stretching has a minimal effect
on the band gap, it dramatically changes the shift-current
responses across the band edge by modifying the band
dispersion and band splitting.

Finally, we would like to highlight possible practical
applications of the molecular crystal structure of 2-methyl-
4-nitroaniline and 2-amino-4-nitroaniline in comparison
to an organic charge transfer complex TTF-CA [15,16].
First of all, as mentioned in this article, this class of
photovoltaic materials exhibits both transverse and longi-
tudinal shift-current response over a wide frequency range
at high temperatures. Second, these materials exhibit a

large shift current, more than 10 times greater than typical
reported values for shift current. Third, in the 2-amino-4-
nitroaniline molecular crystal, the impressive dependence
of the conduction-band dispersion on strain accounts for
the photovoltaic tunability in these molecular structures
under strain. In addition, doping can be used to improve
photovoltaic efficiency in the infrared range.
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APPENDIX A: ABSORPTION COEFFICIENT
Here we calculate the absorption coefficient of ANA in

Fig. 7 by considering light,

E, = Eoeiw([k(w)/c]z—t) _ Eye(b@/o: eiw{[a(w)/c]z—t}’
(Al)

where c is the speed of light and @ and b are the compo-
nents of the complex refraction index k(w),

k(w) = a(w) + ib(w), (A2)
a(w) = \/%(61 + /€ +€3), (A3)
b(w) = \/%(—61 +./€ +e€2), (A4)

where €;(w) and €;(w) are the real and imaginary parts
of the complex dielectric function, respectively; €, = €] +
i€;. Moreover, k and €, are related to each other through
k* = €,. The refractive index is determined by the real part
of the dielectric constant, while the absorption is deter-
mined by the imaginary part. As e~ 0@/ ig the factor
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FIG. 7. Absorption coefficients of ANA for yz, xz, and xy com-

ponents. This shows that ANA is nearly transparent in these
directions.
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of the light-intensity reduction, we can define absorption
coefficient o (w)

2b(w)w

ﬁw 2 2
= A - e+ €. A5
. . €1 +,/€] + € (AS)

Having calculated the dielectric function in terms of the
using the DFT simulations, we can calculate the absorption
coefficient based on Eq. (AS5). As mentioned in the paper,
symmetry in ANA allows shift-current response tensors
to have three nonzero independent components Xyz, Yxz,
and Zxy. Our calculations shown in Fig. 7 illustrate that
the absorption coefficients of ANA are remarkably tiny
(< 0.01 cm™") for yz,xz, and xy components and ANA is
nearly transparent in these directions.

a(w) =

APPENDIX B: DENSITY OF STATES

Here, we calculate the total density of states (DOS) of
MNA and partial density of states for the functional groups
of MNA molecule as shown in Fig. 8. These results demon-
strate that MNA has a higher DOS around the Fermi level,
indicating the lower dispersion of the valence and con-
duction bands of MNA near the band gap. The high DOS
results in nearly flat lower conduction band and the upper
valence band in MNA, enhancing nonlinear absorption.
ANA molecules exhibit reduced DOS (increased band dis-
persion) around the Fermi level owing to the higher inter-
molecular interactions, despite the fact that their structures
are identical to those of MNA molecules. Moreover, the
Sommerfeld factor implies a peak around the optical tran-
sition in the DOS, hence we expect a peak in the current
near the optical transition, which indicates the large DOS.
The Sommerfeld factor is proportional to the reduced effec-
tive mass between the valence and conduction bands, and
the inverse of the dielectric constant. Its amplitude depends
on material parameters.
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FIG. 8. Calculated total density of states of MNA and partial

density of states for the functional groups of MNA molecule.

In order to have a larger shift current, the system must be
polar, and charge carriers must be more mobile due to the
configuration of the orbitals of the conduction and valence
bands.
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