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The carrier mobility of anisotropic two-dimensional semiconductors under longitudinal acoustic phonon
scattering was theoretically studied using deformation potential theory. Based on the Boltzmann equation with
the relaxation time approximation, an analytic formula of intrinsic anisotropic mobility was derived, showing that
the influence of effective mass on mobility anisotropy is larger than those of deformation potential constant or
elastic modulus. Parameters were collected for various anisotropic two-dimensional materials (black phosphorus,
Hittorf’s phosphorus, BC,N, MXene, TiS3, and GeCHj) to calculate their mobility anisotropy. It was revealed
that the anisotropic ratio is overestimated by the previously described method.
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I. INTRODUCTION

The successful isolation of graphene in 2004 [1] led us
into the brand new world of two-dimensional (2D) materials
[2,3]. As the lecture title given by Richard P. Feynman in
1959 states [4], “There’s plenty of room at the bottom.” Since
graphene was born, unforeseen physical and chemical prop-
erties of this atomically thin material have quickly attracted
attention [5,6]. For example, unique ballistic transport and
extraordinarily high carrier mobility have greatly expanded
graphene’s potential applications [7,8]. However, graphene
has its own drawback: It is semimetal with a zero band gap,
which severely limits its potential in electronic applications
where a moderate gap is required [9]. Therefore, many studies
have explored other 2D materials beyond graphene [10,11].
Representative semiconducting 2D systems include graphynes
[12-14], transition metal dichalcogenides (TMDs) (such as
MoS,;, MoSe;, and WSe,) [15,16], black phosphorus (BP)
[17,18], and transition metal carbides and nitrides (MXenes)
[19,20]. Taking BP as an example, inside a single layer, each P
atom is covalently bonded with three adjacent P atoms to form
a strongly puckered honeycomb structure with troughs running
in a zigzag direction [17,21,22]. Due to the puckering, bonds in
BP are divided into two inequivalent types, a sharp contrast to
the completely planar honeycomb structure of graphene where
all bonds are equivalent. As a result, BP processes a nonzero
band gap between 0.3 eV and 2 eV depending on the thickness,
and the charge-carrier mobility is retained up to about 1000
cm?V~!'s7! [17,21]. These unusual properties provide new
opportunities for future electronic and photonic devices.

Some 2D materials are isotropic [15,23-25] while others
are anisotropic [17-20]. In anisotropic 2D semiconductors,
the electrons and phonons behave differently in different
planar directions, leading to angle-dependent mechanical,
optical, and electrical responses. These unique properties may
permit the design of novel sensors with anisotropic crystalline
orientation, optical absorption and scattering, carrier mobility,
and electronic conductance [22,25-27]. In the present study,

“liuzhirong @pku.edu.cn

2469-9950/2016/94(23)/235306(8)

235306-1

we focus on the theoretical study of the anisotropic carrier
mobility.

Despite the importance of carrier mobility, the theory of
intrinsic mobility for anisotropic 2D semiconductors is not
well developed. The widely used mobility formula in literature
is based on the deformation potential theory proposed by
Bardeen and Shockley in 1950, where the acoustic phonon
limited mobility of an isotropic three-dimensional (3D) non-
polar semiconductor was given as [28]:

23/2meh*CBD) W
a 3m:(kgT): E?
where m is the effective mass of charge carriers (electrons and
holes), COP = COP = €SP = C{P is the isotropic elastic
constant, and E| is the deformation potential constant defined
as the energy shift of the band edge position with respect to
the uniaxial strain. Then Kawaji extended the theory to the 2D
electron gas (2DEG) system in 1969 [29]. Later, the effect of
anisotropic mass was added into the theory [30,31], and the
resulting 2D mobility can be given as:

eh3c(2D)
ke T (my)?(m,)? E2
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In recent studies of anisotropic 2D semiconductors, however,
Eq. (2) has been arbitrarily generalized to include the effects
of anisotropic C and E [17,19,32,33]:

e?Cy”
x = 3 T 5
kBT(mx)z(my)zElx (3)
et
Ky = T3
kBT(mx)z(my)zEly

Equation (3) implies that the mobility in a specified direction
is determined only by C and E| in the same direction but is
independent of those in the perpendicular direction. Actually,
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this is logically incorrect, because moving carriers would be
inevitably scattered by phonons from all directions.

The rest of this paper is organized as follows. In Sec. II,
a historic perspective on the mobility of 2DEG is provided
to demonstrate its relation to that of 2D materials. In
Sec. III, the contributions of anisotropic m, C, and E; on
mobility p are theoretically studied separately. In Sec. 1V,
the obtained formula is applied to numerically analyze the
mobility anisotropy of some 2D materials, showing that the
anisotropy in most systems is weaker than previously thought.
Finally, we summarize our results and conclusions in Sec. V.

II. HISTORICAL PERSPECTIVE

To understand the state of the art in mobility calculations
in anisotropic 2D semiconductors using deformation potential
theory, it is necessary to understand the historical development.
In this section, we make a brief review of the literature and
identify some improper ways in mobility calculations.

The deformation potential theory was first proposed by
Bardeen and Shockley in 1950 for three-dimensional (3D)
nonpolar semiconductors [28]. With the development of metal-
oxide-semiconductor field-effect transistors (MOSFETS) in
the following years, scientists found that the electrons move
freely in two dimensions at the semiconductor-oxide interface
of MOSFETs, but are tightly confined in the third dimension,
which can be described as a 2D sheet embedded in a 3D world.
All constructs with similar characteristics became known as
2DEG [29,34]. In 1969, Kawaji extended the deformation
potential theory to the phonon-limited carrier mobility of
2DEG in a semiconductor inversion layer by an inverted
triangular well potential model, and a simple formula was
reported to calculate the lattice-scattering mobility of 2DEG
[29]:

eh3pCPy? A
= kT E2 Werr, 4)
where p©P) is the 3D mass density of the crystal, v; is the
velocity of the longitudinal wave, and pu;? can be replaced
by 3D elastic constant C SD). Wesr is the effective thickness
of the inversion layer with a complex expression determined
by the dielectric constant of the material as well as the
impurity and free electron densities [28,29]. Then in 1981,
Price applied the theory in a semiconductor heterolayer to
calculate lattice-scattering mobility [35]. He described the
layer for active carriers in 2DEG as square wells, obtaining
a simple expression for Weg:

Wesr = %L, &)

where L is the width of the square well [35]. In anisotropic
systems, effective mass m and deformation potential constant
E, are second-order tensors, whereas elastic modulus C
is a fourth-order tensor, components of these tensors are
not independent [36]. The mobility anisotropy of 2DEG on
oxidized silicon surfaces could be attributed to the difference
in the effective mass. This was explored by Satd ef al. in 1971
based on an ellipsoidal constant-energy surface [34]. With the
anisotropic mass, the mobility of 2DEG in the inversion layer
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was modified into [30,31]
eh3 p(3D)U12

mxmdkBTEf .

Weir, (6)

where mq = /mm,.

2DEQG in an inversion layer is not a real 2D system, in
the sense that it is always embedded in 3D material. Thus,
3D parameter pP) appears in Egs. (4) and (6). Graphene
and other 2D crystals studied in recent years, however, are
real 2D systems since they could exist independently. As an
important property, their mobility attracted a lot of interest
[16,17,23,37,38]. Almost all of the mobility calculations were
based on the generation of Egs. (4) and (6) of 2DEG. To
generate the formula to real 2D systems, some studies assumed
PP W = p@ to give [24,31,37,39]

eh? pD U,2 eh3C§21D)
X = = ) 7
H mxmdkBTEf mxmdkBTEf ( )

while others assumed p®P L = p®P to give [20,40-42]

_ 20Dy 2eh’Ci”
3medkBTEl2 3mxmdkBTE12

Hex ®)
These generated formulas are somewhat arbitrary without
necessary theoretical deduction. For example, the factor 2/3
comes from 2DEG being confined in a square well, but the
behaviors of electrons in real 2D systems are unrelated to
square wells. Therefore, Eq. (7) is valid when both deformation
potential and elastic modulus are isotropic, whereas Eq. (8)
is always invalid. Another false assumption in the literature
lay is the anisotropic effects. Equation (7) was originally
used to investigate the mobility of an isotropic system such
as 2D hexagonal BN [38] but was later adopted to study
anisotropic systems such as BP [17,22]. As we will show in
the next sections, Egs. (3), (7), and (8) are not applicable under
anisotropic deformation potential and elastic modulus.

III. THEORETICAL ANALYSES ON THE ANISOTROPIC
MOBILITY

A. General consideration

Carrier mobility of a sample is determined by various scat-
tering processes whose effects are influenced by temperature
and carrier density. The scattering caused by defects and
impurities is insensitive to temperature and carrier density
and can be eliminated or reduced significantly by improving
sample preparation. The scattering caused by electron-electron
interaction increases with increasing carrier density. For
high-quality materials when the carrier density is not too
high, the primary source of scattering comes from phonons
[28]. At low temperatures, because the high-energy optical
phonons cannot be excited, the acoustic phonons dominate the
scattering process. For example, the resistivity of graphene for
T < 200K is mainly determined by acoustic phonons [43—45].
This scattering by acoustic phonons cannot be eliminated at
finite temperatures and thus determines the intrinsic mobility
of the material. In the present study, we focus on the effects of
acoustic phonon scattering, which is expected to be important
at low temperatures between approximately 10 K and 200 K.
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Theoretically, the intrinsic mobility caused by acoustic
phonons can be described by deformation potential theory
[28], where the atomic displacement associated with a long-
wavelength acoustic phonon leads to a deformation of the
crystal, and in turn, to a shift of the band edge and scattering
between different eigenstates. In the spirit of the deformation
potential theory, the shift of the band edge (AEcqg) is pro-
portional to the longitudinal strain £(q) caused by longitudinal
acoustic vibrational modes (phonons) with a wave vector (:

AEedge =K (Q)€((I)a 9

where the deformation potential constant £ depends on the
direction of longitudinal strain and phonons for anisotropic
materials. The contribution of transverse acoustic phonons
is ignored as in the usual deformation potential theory.
Under Fermi’s golden rule and the second quantization of
the phonons, the scattering probability of an electron from
eigenstate k to k' caused by longitudinal acoustic phonons
depends on the scattering matrix element, which was obtained
by Bardeen and Shockley for 3D cases [28] and later by Price
for 2D cases [35]:

2kg T E1(q)?
Wk,k/ S —
ARC(q)

where A is the area of 2D sample and C(q) is the elastic
modulus caused by £(q). The superscript “(2D)” in the formula
is omitted hereafter. The momentum conservation law requires
that ¢ = k' — k. Both the emission and the absorption of
the phonons were considered in obtaining Eq. (10). The
equipartition principle was also adopted here, which limits
Eq. (10) to be applicative only above the characteristic
degenerate (Bloch-Griineisen) temperature (usually a few tens
of K). The relaxation time for an electron in k, denoted as
7(K), is thus given by

1 A Vk - Vi’ 291
_— Wkkll— —— |d°k', 11
(k) 4n? ““‘( vic2 ) (an

S(ex — &x), (10)

where vg is the group velocity. The Boltzmann equation
is the basis for the classical and semiclassical theories of
transport processes. It has been widely used in studying
thermal, mass, and electrical conductivities under weak driving
forces. Based on the Boltzmann equation with the relaxation
time approximation, the 2D conductivity tensor is solved to be
[24,46,47]

“ anp(ex) d’k
=2 2fr k ViV, , 12
o e (k) ven k k(zﬂ)2 (12)

where gk is the eigenenergy of state k, and np(ey) is the
equilibrium Fermi-Dirac distribution. The mobility along the
x direction is thus
o
e = —, (13)
ne

wheren = 2 f ne(ey) (zdle;z is the carrier density. Equations (9)—

(13) provide the general framework to calculate the intrinsic
mobility of 2D materials under longitudinal acoustic phonons.
The mobility anisotropy may arise from anisotropic gk (which
is related to the anisotropic effective mass), E1(q) or C(q),
which will be analyzed in detail as follows.
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B. Anisotropic mass

When only the effective mass is anisotropic, the energy
dispersion is described as

K2

T 2m,

272
1K

2my’

&K (14)

where the x and y directions are chosen to be along the primary
axes of the energy dispersion. Making use of the coordinate
transformation

3 ky
ke =
Nz
(15)
3 k,
by = ——,

it is straightforward to derive from Eqgs. (9)—(13) to get the
relaxation time

R3Cy,
(k)= ———1 (16)
kBTE1 /mxmy
and the mobility
€h3C11 (17)

Mx = ’ 3 T
kBTE1 (mx)z(my)z

where E| = Ei(q) and Cy; = C(q) are isotropic. (k) is
independent on k even if the effective mass is anisotropic
in this case. Equation (17) is identical to Eq. (2), and it is also
the same as Eq. (3) if both C @ and E,™ are isotropic, that is,
Eq. (3) is valid when only the effective mass is anisotropic.

C. Elliptic deformation potential

We now consider the case that only the deformation
potential is anisotropic while both effective mass and elastic
modulus remain isotropic. As a second-order tensor, any strain
can be decomposed into three components in 2D systems:
two uniaxial strains (¢, and ¢, along the x and y directions,
respectively) and a shear strain (y). Under a first-order
approximation, the shift of the band edge caused by any strain
can be decomposed into

AE‘edge = E &y + Elysy + Elyy’ (18)

where Ei,, E,, and E;, are three components of the
deformation potential constants. The effective deformation
potential constant E£(q) under a longitudinal strain along any
specified direction as defined in Eq. (9) can be deduced with the
Herring-Vogt transformation [48] as explained here. Denoting
the magnitude and the directional angle of the longitudinal
strain as € and 64, with the tensor transformation under rotation,
the longitudinal strain is expressed in a tensor form of

& V| _gprle O
[V ?J =K [O O]R
£08%0 —& sin 04 cos O (19)
| —gsin 04 cos by ssinzeq '

&(q)
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where R is the 2D rotation matrix:

cosfy sinfq
R = ) . (20)
—sinfy cosfy

Substituting Eq. (19) into Eq. (18), yields
AEedge(g(q)) = AEedge(E’gq)

= (Elxcos29q+E1ysin20q—ZEW sin fq cos O¢)e.
(21)

If the system has mirror reflection symmetry, by setting the
mirror plane (line) as the x direction, it requires

AEedge(& - eq) = AEedge(sveq)v (22)

which results in Ej,, = 0. In this case, the contribution of the
shear component to the deformation potential disappears, then
E(q) becomes

E(q) = E1,c08’0q + E1,8in*6y. (23)

Combined with Egs. (10) and (23), the integration in
Eq. (11) gives

L _mkeTlpo | (AE) g AE o0l (24
— = = cos ,
k) BC, | ! 2 1o K

where 6k is the polar angle of k, while E, and AE,; are
notations defined as

_ E,+E
El 1y > Ix
Ely - Elx

7(Kk) is anisotropic here, being distinct from the result of Eq.
(16) under anisotropic effective mass. The mobility is obtained
as

AE, = (25)

FL3C11 . kZCOSZOk . fl_z X Mde
mkel g2y GED' B AR cosay M 0%
Hx = Inp(er) 42
e P
_ eWCu (A+B - VAT - B 06)
- m2kgT BJ/AZ - B2 ’
with the notations
i} AE))?
A=E 4 (AEy)
_ 27
B = E|AE;.

Equation (26) is a bit complicated. To see the anisotropic effect
more clearly, we rewrite it as

e h3 C 11 1 (28)
Hx = — X ’
m*ksTET — f (%)
where f( AE-—LT‘) is a corrected factor due to the anisotropic effect:

f<AE1> 1 BV A% — B?

= = —5 X .
E; E} " A+B—- VA2 -B?
The curve of f(AE—E]‘) is given in Fig. 1. Setting AE; =0
gives f = 1, consistent with the isotropic result. Within the

(29)
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FIG. 1. The corrected factor f (AE-—EII) due to the anisotropic de-
formation potential. Scattering points were calculated with Eq. (29),

while the solid line is a quadratic approximation as given in Eq. (30).

examined range, f( AE—EI‘) can be well reproduced by a quadratic
function:

FAEL) 2y _osBE 4 oa( AR ’ (30)
E, ) T E "\ E ’

1 1 1

as demonstrated as the solid line in Fig. 1. With the quadratic
approximation, the mobility under anisotropic deformation
potential is simplified as

eh3C11

9E} +TEi Ery+4E7, )
20

My = . €29}

mszT(

D. Elliptic elastic constant

The anisotropic effect of elastic modulus C(q), theoretically
speaking, can be expressed in terms of the complete 2D elastic
constants (C11,C2,Ces,C26,C16,C12) using the elastic theory.
However, usually only the values of Cy; and C,, along the
primary axes are used in the literature for mobility calculation.
As an approximation, we express C(q) as a function of only Cy;
and C,,. Obviously, C(q) should have the following properties:
(1) C(q) = Cy; for a strain applying along the x axis; (2)
C(q) = Cx, for a strain applying along the y axis; (3) C(q) is
isotropic when Cy; = Cy,. A simple approximated expression
satisfying the requirements is adopted here as:

C(q) = C11c0s°0y + Casin’éy. (32)

The effective mass and deformation potential are kept
isotropic. The relaxation time is obtained as:

I mkpTE} [1 + -5 cos(26) COS(26’k)} 33)

k) A /€2 — (AC) AC
where
. C C
c = o -; 2
c c (34)
AC = =2 11
2
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The mobility is given as

/‘ eh’ k2cos? G L dne(e) 421
m3kgT E? 1 (1 1 . dex

_ o c2acy  AC (C /o ) cos (2f)

Mx = f ang(ex) d2k

Bsk
el [I+T VPP -2
"~ m2kgTE? JJI2 = J2 ’

(35)

where
1

VC2 — (AC)

I =
(36)
o Cc(r_ 1
B AC<C CL(AC)Z)'

Equation (35) can be expanded to the linear order of AC to
give a simplified result:

(37

eh? 5C; +3Cx»
Mx )

~ m2pTE? 8

which shows that the mobility along the x direction depends
on the elastic constants along both x and y directions.

IV. RESULTS AND DISCUSSION

A. Combined anisotropic effects on mobility

In the section above, the anisotropic effects of the effective
mass, the deformation potential, and the elastic modulus on
the mobility of 2D semiconductors were analyzed separately
to give analytical results. When all these anisotropic factors
appear together in a system, it is too complex to achieve
an analytical solution. Therefore, we propose expressing the
mobility approximately by combining different anisotropic
factors directly:

_ el A+ B —+/A? - B?
" keTma)imy)i\ BVAZ— B2

X(I—i—J—m) 38)

JVI2—J?

where A and B are functions of deformation potential whose
definition was given in Eq. (27), while / and J are functions of
elastic modulus, whose definition was given in Eq. (36). With
the low order approximation, a concise form is achieved as:

€h3(5C11J§3C22) . 39

Hx = 9E} +TE E\ +4E2, )

3 1
kBT(WlX)Z(’/ny)2 ( 20

Anisotropic effective mass is the main contributor to the

mobility anisotropy. To measure the mobility anisotropy, we

define an anisotropic ratio R,y as:

_ max(fy, iy)

ani — p s (40)
min(iiy, iy)

which is equal to 1.0 for isotropic systems and is larger
than 1.0 for anisotropic systems. The variation of R, with
various parameters is demonstrated in Fig. 2. Anisotropic
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FIG. 2. Anisotropic ratio of mobility (R.,;) as functions of %

% and g—; Results are calculated with Eq. (39). Except the
parameter being varied in each line, 2= = 1, £ix = 1, S0 = ],

> my ? Eyy )

mass acting along with =+ =2 yields Ru,; = 2.0. In con-

trast, R,y = 1.18 for g—'; =2 and R, = 1.38 for g: =2.
Therefore, the anisotropy contribution from elastic constant
and deformation potential is much weaker than that from the
energy dispersion (effective mass). Consistently, for materials
with Dirac cone and zero band gap, the anisotropic contribution
is also dominated by the energy dispersion (Fermi velocity)
while the contribution from deformation potential is nearly
zero [3,46,49].

B. Numerical results

To numerically evaluate the mobility anisotropy of 2D
semiconductors, and to examine how the new formulas [Eqgs.
(38) and (39)] produce results differently from the old one
[Eq. (3)], data for various anisotropic materials were collected
from the literature, including BP [17], single-layer Hittorf’s
phosphorus (HP) [33], BC,N [32], TiS; [40,41], GeCHj3
[42], Ti,CO, [19,20], Hf,CO, [19], Zr,CO; [19], Sc,CF,,
and Sc,C(OH); [50]. Analysis results for some representative
systems are listed in Table I. For these systems, Eq. (38) and
Eq. (39) give very close results, suggesting the simplified Eq.
(39) is a good approximation of the full form of Eq. (38).
However, the difference between new and old methods is
distinct, as discussed below.

Undoped BP is p-type semiconductor. Related experiments
on thin-layer BP have suggested that hole mobility is larger
than electron mobility, and that mobility along the x (armchair)
direction is greater than that along the y direction [18,51-53].
However, calculations for single-layer BP using the old
formula have given contrasting results of w,(h) < u,(e) and
px(h) < py(h), as shown in Table 1. Conversely, under the
same parameters, the new formula produces results more con-
sistent with experiments. There is a discrepancy between the
old and new formulas because the old formula overestimates
the contribution of the deformation potential to the mobility
anisotropy. This leads to a prediction that the anisotropy ratio

2
is proportional to (%) [see Eq. (3)]. Because single-layer
BP has £y, (=2.5 eV) much larger than E;, (= 0.15 eV) for
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TABLE I. Predicted mobility anisotropy of some representative 2D semiconductors.

old new simplified
SYStem my my Elx El)‘ Cll C22 Mx My Rani Mx My Rani Mx My R.’mi
BP[17] e 0.17 1.12 2.72 7.11 28.9 102 .12 0.08 14.0 069 009 740 080 040 7.64
h 0.15 635 25 0.15 28.9 102 0.67 16.0 239 237 0.16 14.6 277  0.18 15.1
2-BP [17] e 0.18 1.13 5.02 7.35 57.5 195 0.60 0.15 4.00 0.81 0.14 5.58 0.70 0.13 5.76
h 0.15 1.81 2.45 1.63 57.5 195 2.70 1.80 150 640 0.85 7.28 5.53 0.76  7.52
3-BP [17] e 0.16 1.15 5.85 7.63 859 287 0.78 021 3.71 1.17  0.19 6.06 1.01 0.17 6.25
h 0.15 1.12 2.49 224 859 287 4.80 270 1.78 9.72 1.80 5.24 8.41 1.61 5.40
4-BP [17] e 0.16 1.16 5.92 7.58 115 379 1.02 028 3.64 1.54 025 6.08 1.33 0.22 6.26
h 0.14 0.97 3.16 279 115 379 480 290 1.66 9.66 1.94 4383 8.38 1.74 497
5-BP [17] e 0.15 1.18 5.79 7.53 146 480 1.47 0.38 3.87 2.19 0.32  6.66 1.91 0.29 6.86
h 0.14 0.89 3.40 297 146 480 590 3.80 1.55 11.1 245 442 968 219 455
HP [33] e 0.69 3.58 1.40 0.66 49.7 49.9 0.50 043 1.16 0.76 021 3.65 0.76  0.21 3.65
h 124 245 1.26 0.18 49.7 499 0.31 7.68 24.8 0.61 0.60 1.01 0.62 0.61 1.01
BC,N [32] e 0.15 041 1.87 425 307 400 525 370 142 223 559 398 221 5.56 397
h 0.16 222 2.13 433 307 400 148 0.27 54.9 7.66 040 193 7.62  0.39 193
2-BC,N [32] e 0.16 040 1.86 413 771 769 118 9.61 12.3 52.9 14.6 3.62 522 14.7 3.61
h 0.18 0.58 2.15 421 771 769  60.5 495 122 32.0 724 443 322 7.27 443
3-BC,N [32] e 0.17 041 0.79 2.79 1023 901 809 234 345 177 423 422 179 42.5 4.20
h 020 0.66 341 2.82 1023 901 27.0 10.3 2.62  28.1 9.06 3.10 28.0 9.05 3.10
4-BC,N [32] e 0.17 042 0.95 3.30 1254 1285 651 224 291 161 39.1 4.14 163 39.3 4.12
h 021 0.87 2.80 347 1254 1285 37.7 6.15 6.13 32.1 7.01 458 32.1 7.02 458
5-BC,N [32] e 0.18 043 2.0 0.88 1856 1571 200 364 1.81 289 169 1.71 290 170 1.71
h 023 1.0 3.44 2.63 1856 1571 313 10.2 3.06 342 8.61 397 34.1 8.59 3.97
Ti,CO, [19] e 0.38 3.03 9.17 471 253 256 0.15 0.07 2.08 023 0.04 583 0.23 0.04 584
h 0.09 0.13 3.25 528 253 256 50.1 12.8 391 34.1 17.9 1.90 34.1 18.0 1.90
Ti,CO, [20] e 044 453 5.71 0.85 267 265 0.61 025 241 056 0.11 531 0.55 0.10 5.34
h 0.14 0.16 1.66 2.60 267 265 74.1 22.5 329 66.1 46.4 143 659 463 1.42
TiS; [40] e 147 041 0.73 0.94 81.3 145 1.01 139 137 2.89 10.6 3.66 299 109 3.64
h 032 098 305 -38 813 145 .12 0.15 8.07 230 071 326 4.16 .12 3.73
GeCH; [42] e 0.03 0.19 12.7 125 51.7 49.6 6.71 0.12 53.7 3.71 0.51 7.31 372 051 731
h 0.04 0.31 6.24 6.28 51.7 49.6 14.0 0.19 753 7.07 0.83 8.56 7.07 0.83 8.56
Sc,CF, [50] e 0.25 1.46 2.26 1.98 193 182 5.03 1.07 470 5.62 1.02 548 5.62 1.02 548
h(u) 2.25 0.44 191 —4.7 193 182 0.48 0.39 1.25 0.61 1.20 243 0.42 1.02 1.96
h(l) 046 265 —5.0 22 193 182 0.31 026 1.18 0.94 0.41 293 0.78 0.26 232
Sc,C(OH), [50] e 050 049 —-27 =26 173 172 206 219 1.06 218 222 102 218 222 1.02
h(u) 501 027 -35 -99 173 172 0.05 0.11 224 002 020 11.7 0.02 020 11.7
hd 0.29 191 —-10 -32 173 172 0.16 0.24 145 0.29 0.07 4.05 0.29 0.07 4.07
Hf,CO, [19] e 023 2.16 10.6 7.10 294 291 0.33 0.08 4.27 044 006 7.72 044 006 7.72
h(u) 0.42 0.16 7.64 230 294 291 092 26.0 28.1 1.67 7.13 428 1.68 7.21 426
h() 0.16 0.41 2.02 742 294 291 343 1.00 34.3 8.04 1.86 4.33 8.14 1.88 4.31
Zr,CO, [19] e 027 1.87 13.9 521 265 262 0.15 0.15 102 026 006 459 026 006 4.60
h(u) 0.16 0.38 9.84 1.80 265 262 1.37 175 128 272 220 124 274 221 124
h(l) 0.36 0.16 5.45 6.04 265 262 2.08 3.71  1.78 1.98 417 2.10 1.98 4.17 2.10

Note. ‘¢’ and ‘h’ denote ‘electron’ and ‘hole’, respectively. m, and m, are measured as the ratio with m (the electron mass in vacuum). E
and E,, are in units of eV. Cy; and Cy, are in units of J/m?. u, and iy are in units of 10° em®>V~'s~!. The values of u,, Wy, Eix, Eyy, Cyy
and C», are extracted from references as indicated. u, and ., are calculated in three ways: (old) same as in original references (largely based
Eq. (3)), (new) Eq. (38), and (simplified) Eq. (39). The anisotropic ratio R, is calculated by Eq. (40).“upper” and “lower” sub-bands in the
literature are represented by (u) and (1) here. For few layer samples, for n layer sample, which is expressed as n — sample type, such as n-BP
and n — BC,N.

holes, it predicted that u, < w,. However, according to the
new formula, the contribution of the deformation potential
to the mobility anisotropy is actually weak, and the main
contributor is the effective mass. m, of BP is smaller than m,
SO wy > p, under the new formula. This is consistent with
predictions made using the Kubo-Nakano-Mori method based
on electron-phonon scattering matrices [54] and charged-

impurity scattering theory [55]. Moreover, this is in agreement
with the experimental observations [18,52,53].

TiS; monolayer is a new 2D material predicted to possess
novel electronic properties [40,41,56]. First-principles calcu-
lations showed that TiS; is a direct-gap semiconductor with
a bandgap of 1.02 eV, close to that of bulk silicon [40].
With the old method, TiS; was predicted to possess high
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FIG. 3. Comparison between the results for various systems

calculated by old and new methods, i.e. Eq. (3) and Eq. (39). (a)

The mobility u, and p,. (b) The anisotropic ratio Ry, defined by
Eq. (40). Detailed data are provided in Table I.

mobility up to 14 x 10 cm> V='s~! for electrons in the y
direction [, (e)], and more remarkably, the mobility is highly
anisotropic, i.e., i (e) is about 14 times higher than p,(e) and
is even two orders of magnitude higher than 1, (h) [40]. With
the new method, however, the obtained anisotropy is much
smaller. The re-calculated 11,(e) is 10.6 x 10> cm?> V~'s7!,
close to the old value, but the re-calculated u,(e) increases
from 1.01 x 10> cm?V~'s1t02.89 x 10> cm2V~' s 1, giv-
ing R, = 3.7 (see Table I). The recalculated electron/hole
mobility ratio is 15, compared with the previously calculated
100, suggesting that the potential in electron/hole separation
is not so remarkable as previously thought.

The overall comparison between the results calculated
by old and new methods is provided in Fig. 3. The order

PHYSICAL REVIEW B 94, 235306 (2016)

of magnitude of p from the old method is consistent with
that from the new method [Fig. 3(a)], although actual values
of u from the two methods differ by a few times. Closer
inspection suggests that the deformation potential constant £
makes the largest contribution to the resulting discrepancy
(data not shown). In contrast, for the calculated anisotropy
ratio Ry, there is almost no correlation between the results
from old and new methods [Fig. 3(b)], indicating that the old
method is highly unreliable in predicting R,,;. There are two
main reasons for that. First, R,y is determined by ratios of
parameters, such as my,/m,, Ci1/Cx, and E,/E|,, but is
independent of these individual parameters. As a result, the
range of magnitude of R, is much smaller than that of u
(see Fig. 3). Second, based on Eq. (3) and Eq. (39), when
the factor my/my, Ci1/Cxp, or Ei,/E;, overestimates (or
underestimates) w, of a system in the old method (compared
with the new method), it would inevitably underestimate (or
overestimate) ., of the same system. This further amplifies
the discrepancy in R,,; between old and new methods.
Overall, the old method is more likely to predict high
anisotropy. For example among all 42 data points, only three
were predicted by the new method to possess R,y > 10: holes
of BP (14.6), holes of BC,N (19.3), and holes of Sc,C(OH),
(11.7). In comparison, the old method predicted 15 data points
to have Ry, > 10, three of which possess Rani > 50: holes of
BC;,N (54.9), and holes (75.3) and electrons (53.7) of GeCH3.

V. SUMMARY

In summary, we theoretically studied the longitudinal acoustic
phonon limited mobility for anisotropic 2D semiconductors
under the framework of the deformation potential theory.
The influences of anisotropic deformation potential constant
and elastic modulus were analytically derived. We showed
that the mobility in one direction depends not only on the
parameters (effective mass, deformation potential constant,
and elastic modulus) in the same direction, but also on those
in the perpendicular direction. The mobility anisotropy is
mainly contributed by the anisotropic effective mass, while
the contribution from the deformation potential constant and
elastic modulus are much weaker. Parameters for various
anisotropic 2D materials were collected for the anisotropic
mobility calculation. It was demonstrated that the old formulas
widely adopted in the literatures are unreliable and more
likely to overestimate R,,; when compared with our new
formula.
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