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a b s t r a c t

As-grown GaAs nanowires often possess high density of twin boundaries and stacking faults, which serve
as scattering planes for electrons. Here, using density functional theory and Green’s function method, we
demonstrate that the planar faults can significantly alter the transport properties depending on different
planar defects and in-plane wavevector of the electronic state. Conductance eigenchannel analysis was
applied to reveal the microscopic mechanism of electron scattering. A formalism is developed to estimate
the reduction of the electron and hole mobilities due to planar faults and structural polytypes, based on
quantum transmission coefficients computed in phase-coherent transport calculations. For twin spacing
of 2.4 nm, electron mobility and hole mobility were predicted to be 3000 cm2/V/s and 500 cm2/V/s,
respectively. The findings highlight the necessity of removing twins for high-performance nanowire solar
cells.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

One-dimensional nanostructures such as nanowire and nan-
otube have been extensively studied in the past two decades owing
to the low-dimensionality and quantum-confinement induced
novel physical and chemical properties [1]. In particular, III–V
nanowires such as GaAs are promising platforms for electronic,
photonic, and photovoltaic applications [2–5]. However,
as-grown III–V nanowires, for example, GaAs and GaP, often pos-
sess high density of coherent twin boundaries and alternating
cubic zinc blend (ZB) and hexagonal wurtzite (WZ) polytype struc-
tures normal to the most favorable growth direction h111i [6–10].
The ZB structure is a staggered conformation which is sterically
more favorable, while the WZ structure is an eclipsed conforma-
tion which is electrostatically more favorable. The competition
between steric and electrostatic interactions results in a small
cohesive energy difference of only 12 meV/atom between the WZ
and ZB phases in GaAs, where ZB is thermodynamically more
stable [11,12].

Effect of these planar crystalline defects on the physical proper-
ties of nanowires have been studied both experimentally [10,13]
and theoretically [12,14–18]. In particular, Shimamura et al.
predicted that the exciton radiative decay time increases while
the electron mobility significantly decreases in the presence of
twin boundary in GaAs [17]. However, microscopic understanding
of electron scattering near stacking faults and twin boundaries is
still lacking, as well as their effect on the mesoscale diffusive trans-
port properties. Thelander et al. stated that although the polytype
mixtures of WZ and ZB in InAs nanowire can increase the resistiv-
ity by up to 2 orders of magnitude, the stacking faults and twin
planes do not appear to have significant impact on the electrical
conductivity r [10]. Since

r ¼ eðceMe þ chMhÞ; ð1Þ

where ce and Me is the electron carrier concentration and mobility,
respectively, and ch and Mh is the hole carrier concentration and
mobility, respectively. A partial cancelation of c and M trends could
mask the individual sensitivity on planar defects. It therefore
behooves one to predict the mobility M (relating average carrier
drift velocity with applied electric field) from ab initio calculations
directly.

Recently, phase-coherence length (frequency/energy conserva-
tion length) of electrons has been measured to be several hundred
nms at low temperature in III–V nanowires even with high density
of stacking faults [19–21], while the momentum conservation
length – aka the mean-free path (MFP, kMFP) – tends to be much
shorter [19]. The classical Drude model relates mobility M with
momentum relaxation time s:
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M ¼ es
m�

; ð2Þ

where m� is the effective mass of the electron/hole carrier. Because
(2) is a coarse-grained expression, we need to relate M and s to
the microscopics. Based on a static microscopic structure,
phase-coherent transmission coefficient 0 6 Tn 6 1 can be calcu-
lated using ab initio methods, where n is the quantum number of
the electronic state [22–25]. kMFP; s and Tn describe elastic scatter-
ing, where electron energy is conserved but momentum is not. But
some kind of statistical averaging is needed to connect the two.

In this paper, using first-principles density-functional theory
(DFT) [26,27] and Green’s function method [22,23], we calculated
the electrical conductance in GaAsh111i nanowire without defect
and with eight forms of polytypes. Using conductance eigenchan-
nel analysis, we show that Tn highly depends on different polytype,
energy, and k-point in two-dimensional (2D) Brillouin zone (BZ)
due to the quantum-interference effect. In addition, microscopic
scattering mechanism near the planar defects is revealed. We then
perform averaging over fTng to obtain Me and Mh.

2. Quantum conductance and transmission coefficient

Quantum transport calculations are performed using the Green’s
function method module [23] in the SIESTA code [28]. We also
modified the code to calculate and visualize the conductance eigen-
channels [25,29]. In our calculations, we employed the generalized-
gradient approximation (GGA) [30,31] of exchange–correlation
functionals in the Perdew–Berke–Ernzerhof (PBE) form [32], mesh
cutoff of 300 Rydberg, Troullier–Martins pseudopotential [33],
and single-f basis plus polarization orbitals for pseudo-atomic orbi-
tal minimal basis. Although in principle one could build a true
nanowire geometry for theoretical investigation, such approach is
not only very time-consuming, but also unnecessary considering
the fact that the diameter of most GaAs nanowires synthesized is
on the order of 100 nm, that is, more than 400 times of Ga-As bond
length. In such nanowires, the charge transport will be dominantly
through the bulk. Therefore, we approximate the nanowire with the
bulk GaAs, having its z axis aligned to the h111i growth direction. In
this case, Monkhorst–Pack k-point samplings [34] of 7 � 7 � 1 and
31 � 31 � 1 are applied to the self-consistent electronic structure
calculation and electrical conductance calculation, respectively.
Current–voltage curve is obtained by integrating the k-point- and
energy-dependent conductance curve in the zero-bias voltage limit.

Fig. 1(a) shows the simulation setup of phase-coherent quan-
tum transport through GaAsh111i nanowire, which consists of
top lead, central device, and bottom lead. In order to understand
the impact of stacking faults and twin boundaries, we placed 9 dif-
ferent representative polytype structures in the central device
including pristine, 3C, 2H, 4H, 6H, 9R, 15R, 2AB, and 3AB. The
detailed sequences are shown in Fig. 1(b).

Fig. 2(a) shows the calculated energy-dependent electrical con-
ductance, GðEÞ, in the unit of quantum conductance 2e2=h, where
‘‘2’’ accounts for spin-degeneracy. The Fermi level is located at
E ¼ 0 eV. For better comparison, we also plot the conductance ratio
with respect to the conductance of pristine GaAs nanowire as a
function of E, G=GpðEÞ, in Fig. 2(b). Similarly, we also plot the cur-
rent–voltage curve IðVÞ and current ratio I=IpðVÞ in Fig. 2(c) and
(d). Fig. 2(a) clearly demonstrates that, compared to the pristine
GaAs nanowire, the overall conductance has a notable drop for
all polytypes, consequently the current also decreases significantly.
However, the change is highly energy- and polytype-dependent.
Close to valence and conduction band edges, polytype 3AB, 2AB,
and 9R have the largest impact on the total conductance and cur-
rent, while 3C, 2H, 4H, and 6H do not have much effect. Small con-
ductance in the energy gap of Fig. 2(b) is not physical conductance
and should be ignored as it is solely due to the Gaussian smearing
of conductance. Moving away from the Fermi level, all the poly-
types have the similar magnitude of reduction in the conductance,
thus the integrated total current approaches to the similar magni-
tude as well.

To understand the large impact of 3AB, 2AB, and 9R, we
carefully inspected the sequences shown in Fig. 1(b), and found a
similar structural feature, that is, all three polytypes contain seg-
ment of ‘‘-ABAB-’’ WZ structure. The WZ structure has larger band
gap than the ZB structure of GaAs, hence the conductance near the
valence and conduction edges of the original ZB GaAs nanowire
will be affected most, which is indeed what we have observed in
Fig. 2(b) and (d).

In order to have a microscopic understanding of electron
scattering near the twin boundaries and stacking faults, we have
modified the SIESTA code and implemented the conductance
eigenchannel analysis [25,29]. Fig. 3(a) presents the conduc-
tance–energy GðEÞ curve for 3C-type (red line) at the C-point of
2D BZ (red dot) and the GðEÞ curve for pristine GaAs nanowire
without any structural defect (black line). Surprisingly, the electri-
cal conductance does not drop at all within a large energy range
from �1.7 eV to 0.8 eV. We chose two energy points for conduc-
tance eigenchannel analysis, 0.5 eV (blue dot) and �0.7 eV (green
dot), where we found one and three eigenchannels, respectively.
They are shown in Fig. 3(b) for 0.5 eV, and Fig. 3(c)–(e) for
�0.7 eV. The red arrow indicated the position of 3C-type defect,
which is basically a coherent twin boundary. All of them unam-
biguously show a direct turn of their wave functions at the twin
boundary. More importantly, they all maintain a constant contour
surface and perfect phase oscillation, indicating perfect electron
transmission through these channels. Indeed, as shown in
Fig. 3(b)–(e), the transmission coefficient T is almost unity.

However, as shown in Fig. 4(a), the above perfect transmission
at C-point of 2D BZ does not happen at M-point (red dot) which is
the middle point of zone boundary. Instead, electrical conductance
(red line) at M has an extraordinary reduction across a large energy
range from �1.7 eV to 1.7 eV. In this case, we also chose two
energy points at 0.94 eV (blue dot) and 1.4 eV (green dot) for
eigenchannel analysis where we found one and three eigenchan-
nels, respectively. The channels are shown in Fig. 4(b)–(d).
Different from the previous case, the twin boundary is no longer
transparent for electrons at M point. The incoming electron wave
packet from the bottom lead was strongly scattered by the twin
boundary. Although the phase oscillation of electrons maintained
after transmitted through the twin boundary, the magnitude of
wave packet is reduced significantly, resulting in a reflection of
wave function back to bottom lead. Consequently, the transmission
coefficients of three eigenchannels decreases to 0.31, 0.86, and
0.15, shown in Fig. 4(b)–(d).

We have also performed the same analysis for GaAs with the
2AB-type defect, and observed a similar feature, that is, the con-
ductance reduction at C point is much less than the reduction at
M-point.

So the transmission coefficient T is found to be highly k? depen-
dent, where k? is the in-plane wavevector ? h111i. For coherent
twin boundary (TB), Tðk? ¼ 0Þ ¼ 1, which means the k? ¼ 0
incoming waves do not even seem to notice the TB, and transmits
right through as if the TB were transparent. This actually makes
sense, in that, if one views the twinned nanowire purely
edge-wise, and ignore in-plane displacement shifts – in effect col-
lapsing all atoms edge-wise – one would not notice the presence of
the TB. On the other hand, with larger k?; Tðk?Þ does drop signif-
icantly from 1. This agrees with our intuition that atomic-structure
wise, the twin crystal presents a violent change of order, and can
strongly scatter and scramble incoming waves.
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Fig. 1. (a) Simulation setup for quantum transport through GaAsh11 1i nanowire with (b) nine representative polytypes of structural defects. Purple atoms: Ga; yellow atoms:
As. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

−3 −2 −1 0 1 2 3
0

0.2

0.4

0.6

0.8

1

−3 −2 −1 0 1 2 3
−60

−40

−20

0

20

40

60
(d)(c)

Voltage (V)

I /
 I p

C
ur

re
nt

 ra
tio

Voltage (V)

C
ur

re
nt

   
   

   
 (u

A)
I (

V)

−3 −2 −1 0 1 2 3
0

0.5

1

1.5

2

2.5

−3 −2 −1 0 1 2 3
0

0.2

0.4

0.6

0.8

1

Energy (eV) Energy (eV)

(b)(a) pristine
3C
2H
4H
6H
9R
15R
2AB
3AB

C
on

du
ta

nc
e 

ra
tio

p
G

 / 
G2

C
on

du
ct

an
ce

G
 (E

) (
2e

  /
 h

)

Fig. 2. Theoretical results of electrical conductance and current in GaAsh11 1i nanowire with different polytypes of structural defects. (a) Total conductance–energy GðEÞ
curve. (b) Total conductance ratio with respect to pristine GaAsh11 1i nanowire. (c) Total current–voltage IðVÞ curve. (d) Total current ratio (I=Ip) with respect to the pristine
nanowire.
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3. Electron and hole mobilities in nanotwinned GaAs

The main question we ask about nanotwinned GaAs nanowires
[35–37] (diameter 80 nm – 3 lm and long aspect ratios) is whether
coherent twin boundaries (TB) are ‘‘strong’’ or ‘‘weak’’ scatterers of
conduction electron and valence hole wavefunctions. In the limit
that the TB is a 100% ‘‘strong’’ scatterer, like light scattering off a
frosted glass, we may take kMFP ¼ LTB, where LTB is the distance
between two adjacent TBs. Then according to the classical Drude
model, we should have
r ¼ e2LTB
ceffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m�ekBT
p þ chffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m�hkBT
p

 !
; ð3Þ

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=m�

p
is the thermal velocity of carriers, following (2) and

(1).
The assumption of ‘‘strong’’ scatterer, however, needs to be

checked and verified by real calculations. Based on the quantum
phase-coherent scattering calculations above, we can define a
dimensionless scrambler strength:
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sðk?; eÞ � 1� Gðk?; eÞ
G0ðk?; eÞ

; ð4Þ

where k? ¼ ðkx; kyÞ labels the calculation where there could be a
twin boundary in the z-direction, but periodic boundary condition
in x and y are still maintained, so we can use ðkx; kyÞ to label the
pre- and post-transmission states. If there were no twin boundary,
then the conductance would be

G0ðk?; eÞ ¼ nðk?; eÞ
2e2

h
; ð5Þ

where n is an integer: 0, 1, 2, . . . , to label the number of quantum
channels with that k? label and quasi-particle energy e.

Gðk?; eÞ is the same as G0ðk?; eÞ, but with twin boundary struc-
ture ‘‘turned on’’. Thus, if s ¼ 0, we have perfect transmission and
no loss (‘‘weak’’ scatterer), while if s ¼ 1, we have very bad trans-
mission and complete loss (‘‘strong’’ scatterer) of momentum.

What was found, based on numerical calculations above, is that
s is large for large k?’s. However, there is also a curious result that
for k? ¼ 0,

sðk? ¼ 0; eÞ ¼ 0; ð6Þ

What we need is then the thermally averaged scrambling strength
for electrons:

hsei ¼
P

k?

R þ1
l def ðeÞG0ðk?; eÞsðk?; eÞP
k?

Rþ1
l def ðeÞG0ðk?; eÞ

; ð7Þ

that averages over existing electron states ðG0ðk?; eÞ > 0Þ, where
f 0ðeÞ is the Fermi–Dirac distribution:

f 0ðeÞ �
1

e
e�l
kBT þ 1

; ð8Þ

and l is the chemical potential of electrons, i.e. the Fermi level.
Similarly, for the hole states, we can define

hshi ¼
P

k?

R l
�1 de �f 0ðeÞG0ðk?; eÞsðk?; eÞP
k?

R l
�1 de �f 0ðeÞG0ðk?; eÞ

; ð9Þ

where �f 0ðeÞ is the hole concentration:

�f 0ðeÞ � 1� f 0ðeÞ ¼
1

e
l�e
kB T þ 1

: ð10Þ

So, finally, we can semi-empircally correct (3) for variable-strength
scattering as

r ¼ e2LTB
ce

hsei
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�ekBT

p þ ch

hshi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�hkBT

p
 !

: ð11Þ

with

Me ¼
eLTB

hsei
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�ekBT

p ; Mh ¼
eLTB

hshi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�hkBT

p : ð12Þ

Since we may not be dealing with intrinsic semiconductor, l is not
necessarily midway between valence band maximum (VBM) and
conduction band minimum (CBM). The position of l can influence
hsei and hshi. We can determine l by experimental measurements
of carrier concentrations, and knowing whether it is n-, p- or
ambipolar type of conduction.

Calculations were performed for a long nanowire with averaged
twin spacing of 2.42 nm. Due to the computation limit, we consid-
ered two sequences with twinned structures (‘‘pristine-1–1–2–3–
5-pristine’’, and ‘‘pristine-2–1–5–3–1-pristine’’). The integer
number in these two sequences indicates number of -ABC- or
-CBA- segments, and twin boundary shows up between two adja-
cent segments by inserting an additional atomic layer. Moreover,
we also considered the effect of the WZ phase by replacing single
atomic layer at one of the six twin boundaries with an -AB- bilayer.
In total, we therefore have 14 different configurations for transport
calculations. The calculated scrambler strength factors are
hsei ¼ 0:108� 0:017 and hshi ¼ 0:659� 0:005. Correspondingly,
the estimated carrier mobilities are Me ¼ 3001:1� 519:1 cm2/V/s,
and Mh ¼ 477:2� 5:2 cm2/V/s, for l midway between CBM and
VBM. These values are in reasonable agreement with Ref. 17, indi-
cating that the twin boundary in high density can lead to a signif-
icant reduction of electron and hole mobilities. The treatment
above combines classical Drude model with quantum transmission
coefficient calculations, which is related to but still different from
Lee and Choi’s approach based on the Boltzmann equation [38]
when considering point-defect scatters in nanowires.
4. Summary

In summary, from first-principles DFT and Green’s function
method calculations, we found that the impact of twin boundaries
and stacking faults on the electron transport in GaAsh111i nano-
wire highly depends on specific polytype structure, energy-, and
k-point in 2D BZ. Such strong dependence is a direct manifestation
of quantum-interference effect. Our result shows that the conduc-
tance is reduced much more significantly in GaAs nanowires with
WZ segment such as 2AB, 3AB, and 9R polytypes, which can be
attributed to the larger band gap in the WZ phase than the ZB
phase. In addition, conductance eigenchannel analysis allows the
microscopic understanding of electron scattering at these planar
defects. Finally, the carrier mobility calculated from a
semi-empirical formula points out that the high-density twin
boundaries can introduce significant reduction to electron and hole
mobilities. For average twin spacing of 2.4 nm, electron mobility
and hole mobility were predicted to be 3000 cm2/V/s and
500 cm2/V/s, respectively. These findings highlight the necessity
of removing twins and structural polytypes for high-performance
nanowire solar cells.
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