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ABSTRACT: Selective lateral epitaxial (SLE) semiconductor nanowires (NWs), with their perfect in-plane epitaxial alignment, ability to
form lateral complex p−n junctions in situ, and compatibility with
planar processing, are a distinctive platform for next-generation device
development. However, the incorporation and distribution of impurity
dopants in these planar NWs via the vapor−liquid−solid growth
mechanism remain relatively unexplored. Here, we present a detailed
study of SLE planar GaAs NWs containing multiple alternating axial
segments doped with Si and Zn impurities by metalorganic chemical
vapor deposition. The dopant proﬁle of the lateral multi-p−n junction
GaAs NWs was imaged simultaneously with nanowire topography
using scanning microwave impedance microscopy and correlated with
infrared scattering-type near-ﬁeld optical microscopy. Our results
provide unambiguous evidence that Zn dopants in the periodically
twinned and topologically corrugated p-type segments are preferentially segregated at twin plane boundaries, while Si
impurity atoms are uniformly distributed within the n-type segments of the NWs. These results are further supported by
microwave impedance modulation microscopy. The density functional theory based modeling shows that the presence of
Zn dopant atoms reduces the formation energy of these twin planes, and the eﬀect becomes signiﬁcantly stronger with a
slight increase of Zn concentration. This implies that the twin formation is expected to appear when a threshold planar
concentration of Zn is achieved, making the onset and twin periodicity dependent on both Zn concentration and nanowire
diameter, in perfect agreement with our experimental observations.
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interest due to its excellent material quality and planar
processing compatibility.9−13
Planar NWs, or NWs grown via the selective lateral epitaxy
(SLE) approach, are catalyzed by metal nanoparticles according
to the vapor−liquid−solid (VLS) or vapor−solid (VS)
mechanism and are typically grown within a speciﬁc pressure
and temperature range that promotes enhanced surface
adhesion of the metallic seed particle to substrates,9−14 and

he potential use of nanowire (NW) structures as active
components in a multitude of emerging devices is by
now well explored. In particular, NWs composed of
III−V compound semiconductors potentially have signiﬁcant
impact in numerous technologically relevant ﬁelds, and
continued research in this area has paved the way for their
implementation in next-generation optoelectronic,1,2 nanoelectronic,3−6 and photovoltaic applications.7,8 Although eﬀorts
in this realm to date have been predominantly aimed at the
manipulation and use of free-standing NWs, which are grown in
a bottom-up regime and aligned orthogonally relative to the
growth substrate, planar NWs, assembled with lateral alignment
along the substrate surface, is gaining considerable research
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the [001] direction on GaAs (110) substrates.15,16 Through the
SLE NW growth approach, it has been reported that ZnO NWs
are grown in the [1−100] direction on sapphire crystals9,10 and
planar GaN NWs are grown on SiC (0001) parallel to the [1−
100], [−1010], and [01−10] surface orientation of the
substrate,11 whereas GaAs planar NWs are grown along the
[01−1] or [0−11] surface direction on GaAs (100)
substrate.12−14 One obvious beneﬁt of this technique is the
ability to fully exploit conventional planar fabrication
technology to realize NW-based devices.17 This means that
no ﬁlling medium or planarization thereof is needed for
electrical contact formation, which is advantageous from a
manufacturing standpoint in comparison to vertical NW arrays.
For the purpose of this study, the most notable advantage of
this growth mode is the ability to form lateral junctions
including p−n junctions and heterojunctions in situ as the NW
growth proceeds in-plane along a given crystal orientation. The
simplicity through which spatially deﬁned lateral doping proﬁles
can be introduced during planar NW growth represents a
strategic advance in crystal growth. Such doping proﬁles have
previously only been achieved through the implementation of
labor-intensive processing sequences involving sequential ion
implantation or three-dimensional oxide template patterning,
followed by selective etching and subsequent growth.
Examples of device applications in nanoelectronics that
employ the SLE growth technique include metal−semiconductor ﬁeld-eﬀect transistors (MESFETs)18 and metaloxide semiconductor ﬁeld-eﬀect transistors (MOSFETs) with
single GaAs NW channels,19 GaAs NW array-based high
electron mobility transistors (HEMTs) with record-setting DC
and RF performance,5 simple circuits such as ampliﬁers,13 and
gate-all-around (GAA) MOSFETs utilizing heteroepitaxially
grown planar InAs NWs on GaAs substrates.20 While the above
examples do not require dopant modulation (undoped for
HEMTs and n-type doping for MESFETs and MOSFETs),
controlled doping of both n-type and p-type, as well as single
and multijunction doping proﬁles, is an important material
property underpinning semiconductor device development.
Accurate control over the formation of speciﬁc dopant
distribution proﬁles, as well as precise and nondestructive
methods for the characterization thereof, is imperative. We
envision that the incorporation of controlled doping proﬁles
during SLE will enable the use of planar NWs in an extended
range of device applications including lateral tunnel-junction
FETs, photodetectors and solar cells, light-emitting diodes, and
lasers.
Several methods exist for the determination of dopant
distribution proﬁles in semiconductor NWs, including secondary ion mass spectrometry (SIMS)21 and three-dimensional
(3-D) near-atomic-scale spatial resolution via atom-probe
tomography (APT).22−28 While both SIMS and APT oﬀer
the ability to quantitatively determine concentration of the
dopant impurities, these characterization techniques often
require complicated and time-consuming specimen preparation
steps. Moreover, these techniques provide only the physical
concentration of the impurities instead of the electrical carrier
concentration. One interesting option lies in the potential for
the extraction of dopant distributions from NW structures
through the use of nondestructive scanning probe-based
techniques, such as Kelvin probe force microscopy (KPFM),
scanning capacitance microscopy (SCM), and scanning photocurrent microscopy (SPCM), which have been extensively
explored for various nanomaterials.29−39 While promising, these

techniques have several inherent issues that limit their
sensitivity to very small electronic perturbations that occur
near the sample surface.
Recently, scanning microwave impedance microscopy
(sMIM), which uses a specialized coaxial cantilever and a low
power (∼10 dB) localized microwave (∼3 GHz) signal to
achieve high sensitivity without risking modifying the intrinsic
properties of the samples, has been demonstrated as a powerful
nondestructive method for the measurement of carrier
concentrations.40,41 Complementary to sMIM imaging, an
infrared (IR) scattering-type scanning near-ﬁeld optical
microscopy (IR sSROM) technique has been developed that
can spatially map the nanoscale absorption of IR light focused
on the sample via a tip-induced near-ﬁeld eﬀect.42 The IR
contrast arises from the Drude absorption of the NW which is
directly related to the free carrier concentration introduced by
the dopants.43−45 This method has shown promise in providing
dopant proﬁle measurements on NW and nanotube structures.41
In this paper, we exploit these two state-of-the-art nanoscale
resolution techniques, sMIM and IR-sSNOM, to investigate the
distribution proﬁles of Si (n-type) and Zn (p-type) impurity
dopants within individual SLE-grown multijunction GaAs NWs.
Through the correlation of AFM topography, sMIM, and IRsSNOM mapping, we show the preferential incorporation of Zn
impurities at the location of twin planes formed within p-type
NW segments. To further support our model, we implement a
tip voltage modulated variant of MIM called MIM2 to probe
for spatial changes in impurity dopant concentration. Density
Functional Theory (DFT) modeling shows favorable binding
energetics of Zn dopants at twin planes compared with
undoped twins, supporting the appearance of laterally twinned
planar GaAs NWs upon heavy p-type doping.

RESULTS AND DISCUSSION
Figure 1 shows a representative multi-p−n junction planar
GaAs NW and the corresponding ﬂow modulation used during
growth. Figure 1a shows a top-view SEM image of the entire
NW (∼18 μm long and 250 nm in diameter), with eight
distinctly doped n- or p-segments (as labeled) and the Au seed
particle at the NW tip, visible on the far right. The
corresponding switching scheme (on or oﬀ) of MOCVD
growth precursors (trimethylgallium [TMGa, (CH3)3Ga],
arsine (AsH3), disilane (Si2H6), and diethylzinc [DEZn,
(C2H5)2Zn]) during the multiple junction formation is also
illustrated in Figure 1a. The periodically corrugated structure in
the p-type segments appears as regions of higher contrast due
to an increased yield of secondary electrons from the terraced
surfaces in these regions. Parts b and c of Figure 1 show higher
magniﬁcation and 45° tilted views of the second p−n junction
(counted from base to tip, from Si- to Zn-doped) segment and
the Zn-doped segment near the NW tip, respectively. The Zndoped segment clearly shows periodically corrugated morphology, in contrast to the smooth morphology in the Si-doped
region (left-hand side of image in Figure 1b). We had
previously reported on the formation of periodic structural
perturbations caused by p-type Zn and C impurities in GaAs
planar NWs.46 As shown in the TEM image in Figure 1d, the
corrugation corresponds to the occurrence of (111) twin planes
(indicated by black arrows), which sit between the protrusions
(red arrows) in the periodic surface topography undulation. For
details regarding the crystal structure, the eﬀect of seed particle
size on twin periodicity, and evidence of dopant incorporation
B

DOI: 10.1021/acsnano.6b06853
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

Figure 1. Growth scheme and structure of a planar GaAs nanowire
with multiple lateral p−n junctions. (a) Top-view SEM image of a
planar multijunction GaAs NW containing alternative n- and pdoped segments, as labeled above the NW. Normalized MOCVD
precursor ﬂow rates are superimposed for TMGa (black), AsH3
(red), Si2H6 (blue), and DEZn (green). 45° tilted-view images of
the second axial n−p junction (b) and the last Zn-doped p-type
segment before the tip of the same NW (c), where the corrugated
faceting topography is clearly visible. (d) TEM image (adapted
from ref 46) showing the (111) twin planes (black arrows) between
the ridges (red dashed arrows) in a Zn-doped planar GaAs NW
segment.

Figure 2. sMIM imaging and line scans of the Zn-doped segment of
a p−n junction NW. (a) AFM topography image of the full NW. (b)
Topography and (c) MIM capacitance image of the boxed region in
(a). (d) Height (red) and capacitance (blue) line scans obtained
along the length of the NW segments shown in (b, c). Dotted,
vertical lines mark the center of the topography corrugation peaks.
The dashed horizontal line shows the baseline capacitance level.
Solid black arrows indicate the regions of Zn accumulation (p+
regions) corresponding to the location of twin planes in the p-type
segments of the planar NWs. All dotted arrows point in the growth
direction of the NW.

via electrical characterization, we refer readers to ref 46. Next,
we map the distribution proﬁles of impurity dopant species and
answer the long-standing research question of doping
uniformity and its relationship with twin plane defects in
these NWs.
Figure 2a shows an AFM topography map of an eightsegmented, multi-p−n junction planar GaAs NW (the SEM of
the same NW was shown in Figure 1a), where the in-plane
dimension is in units of micron (μm) and the height (shown as
color contrast) is in units of nanometers (nm). The taller
regions (orange-tone) are the p-type segments because of the
twinned structure and the purple-toned regions represent the ntype segments. In all Figure 2 panels, the dotted arrows point to
the NW tip (growth front where the Au particle is located).
Parts b and c of Figure 2 show 2-D color maps of the
topography and the corresponding capacitance, respectively, of
the corrugated p-doped segment in the region outlined by a
dashed line box in Figure 2a. The taller corrugated twins appear
as regions of higher brightness, with a height diﬀerence of
approximately 25 nm. It can be seen that the areas with the
lowest capacitance (darker blue tone) are precisely located in
the distinct corrugation peak regions. The correlation between
topography and capacitance can be better viewed in Figure 2d,
line scans of the topography and capacitance (imaginary
reﬂectance or sMIM-Im) as a function of position along the
NW axis, where the variation in AFM height (top, red curve)
and the capacitance (bottom, blue curve) are plotted. The
vertical black dotted lines serve as guides to mark the one-toone correlation of the tallest region of the corrugated psegment with the valley of capacitance signal, while the solid

black arrows denote notable capacitance increase beyond the
baseline in the twinned notched regions between the
corrugations in the p-type segments. Note that there is also a
local maximum in the valley of capacitance (center of the
vertical lines). These observations provide spatially resolved
evidence at the nanometer scale that the distribution of carriers
(holes) in the Zn-doped GaAs NWs is not uniform electrically
and indicate that there is an accumulation of free carriers at the
twin-plane defects regions and a depletion of free carriers at the
corrugation peaks. Note that the high capacitance detected at
the NW/substrate interface may originate from the geometrical
artifact of sMIM tip47−49 and the existence of a highly Zndoped GaAs parasitic thin ﬁlm under the NW as previously
reported by APT measurements normal to the substrate28 (see
the Supporting Information for more explanations).
For comparison, optical amplitude and phase images
generated via IR-sSNOM mapping along the same segment
of the NW of interest are shown in Figure 3. Parts a, c, and e of
Figure 3 show topography, optical amplitude, and optical phase
images, respectively, of the same multi-n−p planar GaAs NW.
The black solid line in Figure 3a, highlighted by the white
border, marks the location where the corresponding topography, amplitude, phase proﬁles were obtained, as shown in
Figure 3b,d,e. Line scans obtained from SNOM experiments
performed under an 884 cm−1 excitation frequency were
analyzed. Increased scattering from free charge carriers is
qualitatively represented by the local maxima in the optical
amplitude proﬁle or by minima in the optical-phase proﬁle,
C
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Figure 3. IR near-ﬁeld mapping of a multiple p-n junction planar GaAs NW at an IR laser frequency of 884 cm−1 (11.31 μm wavelength). (a)
AFM topography scan and (b) corresponding axial line scan. (c) Near-ﬁeld amplitude image, directly correlated to the free carrier
concentration, and (d) corresponding axial line scan; (e) Near-ﬁeld phase image and (f) corresponding axial line scan. All line scans were
obtained along the black line, highlighted by the white border, in (a). The white and black arrows in (a) and (b) indicate the NW growth
direction, respectively.

represents the peak potential region centered at the p+ notch,
which drives hole diﬀusion from the p+ to p region, leaving
behind ionized acceptors in the p+ region near the p+−p
interface. This forms an accumulation of holes in the p region
near the junction. However, due to the carrier continuity of the
homojunction, the p+ region is not fully depleted, so a larger
number of free carriers remain in the charge neutral region of
the p+ side. This agrees with the observations of high sMIM
capacitance and high IR-sSNOM amplitude signals in the notch
regions. In region II, holes are localized by the strong internal
ﬁelds, forming a space charge region, which suppresses their
contribution to Coulomb screening at the sample surface just
below the tip. Considering that holes in this region cannot be
treated like truly free carriers, the surface capacitance in region
II should be reduced. The steep decline in the MIM capacitance
signal observed exactly at the onset of the topographical
corrugation peak (Figure 2d) is consistent with the presence of
this space charge region. Region III is the quasi-ﬂatband region
in the lower doped p-region where the holes do not experience
strong localizing E-ﬁelds; hence, they behave like free carriers.
This model explains the small but distinct spike in capacitance
located in the middle of the deep capacitance valley (Figure
2d), which is spatially correlated with the center of the
topological corrugation peak region. Figure 4c is an expanded
view of region I (p+ notch) to highlight the ﬂat band region in
the center of the potential well, where the charge neutrality
means the holes are also free carriers, except with a much
higher concentration than in region III. This agrees completely
with the observed capacitance peaks indicated by the black
arrows in Figure 2d.
The physical model presented above can further be
supported by bias-modulated microwave impedance microscopy (MIM2) measurements. In the MIM2 measurement, the
Fermi energy level at the surface is inﬂuenced by the tip bias
modulated at a ﬁxed frequency (∼90 kHz); the tip bias has a

coincides with the location of twin planes (regions as notches,
observed as minima in the topography line scan), in direct
agreement with the trend observed in the sMIM data in Figure
2. This highlights the complimentary nature of IR-sSNOM to
sMIM and points to preferential localization of Zn dopant
impurities along the twin planes.
Based on the sMIM and IR-sSNOM proﬁles along the Zndoped p-type NW segments, it can be inferred that the
corrugated Zn-doped GaAs NW segment is composed of a
series of p−p+ (peak−notch) homojunctions, as illustrated in
Figure 4a in both side view (x−z) and top-down view (x−y).
Note that the perfectly symmetric distribution of dopants about
the twin boundary illustrated here is an assumption, and
measurements such as APT along the NW axis are required to
physically map the dopants’ location. The areas of greater hole
concentration in the twinned notches are denoted as the p+
region, and the lower hole concentration in the nontwinned
raised areas are the p region. The dimensions of the p+ region
(twin plane) and p region (nontwin plane) are assumed to be 4
and 246 nm, respectively, by correlating sMIM capacitance and
near-ﬁeld amplitude line scan results with AFM topography,
SEM, and TEM measurements from multiple NWs. Assuming
an average Zn doping concentration of 1.67 × 1018 cm−3 in the
NW (nominal experimental values based on planar control
samples) and a volume fraction of 1.6% (4 nm/246 nm) for the
p+ region, we estimate the doping concentration in the p region
to be ∼7 × 1016 cm−3 if the p+ region is to be 1 × 1020 cm−3
(the threshold value for twin generation based on the DFT
modeling which will be detailed later). Note that all values
assumed here are approximations and only used for qualitative
trend analysis. Using these values of doping concentrations, the
electrostatic potential and electrical ﬁeld spatial proﬁles along
the NW axis are calculated (details can be found in the SI) and
plotted in Figure 4b. The proﬁle can be divided into three
regions I−III as indicated in Figure 4b by the arrows. Region I
D
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interpretation of the capacitance signal is that it mimics
semiconductor C−V curves, which have been shown, in
previous experiments with SCM, to have weaker voltage
dependence at higher doping concentrations.50−52 Since we are
measuring a diﬀerential signal, the average slope of the C−V
curve from V = 0 to Vtip gives rise to the observed MIM2 signal.
By applying the tip bias, it is possible to compensate for the
internal ﬁelds in a carrier depletion region; the charge stored in
the region from ionized dopants and excess charge carriers
manifests as a ﬂat-band voltage shift in the C−V curves such
that a stronger bias is needed to achieve a notable change in the
population of free carriers (i.e., population inversion or
accumulation).53,54 We hypothesize that both the overall
dopant concentration and the presence of internal E-ﬁelds
(space charge) will impact the MIM2 response. Parts a−c of
Figure 5 show three spatial proﬁles of capacitance images
(overlaid with topography) obtained from the same single
junction NW on the Zn-doped side of the p−n junction under
conventional MIM (grounded tip) and MIM2 with a Vtip of −3
and −9 V, respectively. Figure 5d shows the corresponding line
scans, including AFM topography, as labeled. Note that shown
in Figure 5b,c are the diﬀerential capacitances under the
corresponding bias where the dark blue color indicates nearzero response to the modulated tip voltage, while green to
yellow color shows increasing sensitivity to the modulated
voltage. At Vtip = −3 V (Figure 5b), the modulated tip bias
shows minimum eﬀect on the measured capacitance everywhere except a small area in the center of the lower doped
ﬂatband region, while at Vtip = −9 V (Figure 5c) dramatic
localized changes in capacitance can be seen everywhere except
the highly doped p+ region. For instance, L1 (the valley in the
periodic topography corrugation as indicated by arrows in
Figure 5) is characterized by the clear increase in MIM
capacitance and a lack of MIM2 response observed; while L2
(the center of the peak region in the periodic topography)
shows a localized maximum in the MIM capacitance and a
strong peak in MIM2 especially under the higher modular tip
bias (Vtip = −9 V). Based on the physical model (Figure 4), we
expect the space charge region (p-side of region II) and the
ﬂatband region (center of the p-region, region III) to show a
strong response to high tip bias (−9 V) since they have a
smaller dopant concentration. However, the presence of
internal E-ﬁelds in the space charge region (region II) would
cause a voltage shift in the C−V response that suppresses the
diﬀerential capacitance signal at low tip bias (−3 V). On the
other hand, the capacitance in the middle of a highly doped p+
region (region I) would be minimally aﬀected by the tip bias
because of the higher dopant concentration and strong local Eﬁelds that interact with the charge carriers, preventing the free
carriers from locally redistributing to compensate for the
modular tip bias. MIM2 observations are completely consistent
with the physical model of spatial distribution of carriers in the
NW presented in Figure 4.
A spatial correlation between impurity species and defects in
NWs has been reported previously in several studies. Hemesath
et al. showed direct evidence of impurity Au atoms and their
preferential incorporation along the grain boundaries of Si NWs
having ⟨110⟩ growth directions.55 Prominent twinning was also
observed during growth of one-dimensional, Sb-doped ZnO
nanostructures.56 In fact, it was later shown that Sb doping can
lead to a kinking of the ZnO NW morphology at the site of
twin planes.57 Furthermore, dramatic changes in crystal
structure were shown to take place during Zn doping of both

Figure 4. Physical model of the spatial distribution of carriers in the
p region with twin-planes. (a) Illustration of the physical geometry
along the NW corrugations used for numerical calculation. The
blue regions represent areas of space charge regions. (b) Plot of the
numerical calculation of the potential (blue, left axis) and E-ﬁeld
(red, right axis) along the NW axial direction, x. Three regions
identiﬁed as I, II, and III represent the highly doped (p+) hole
potential well, space charge region with high E-ﬁelds, and the lower
doped (p) ﬂat band region. (c) Expanded view of region I (recentered so that x = 0 as labeled) in Figure 4b where the hole
potential well shows as an area of ﬂat band potential and zero Eﬁeld at x = 0.

fully oﬀset sine waveform that oscillates between 0 and Vtip.41
The experimental geometry for measuring the diﬀerential
capacitance via MIM2 is similar to that of scanning capacitance
microscopy (SCM) where the tip−semiconductor interface
forms a gating structure that when biased can cause population
inversion or depletion directly underneath the tip. The simple
E
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Figure 5. Conventional MIM and tip voltage modulated MIM (MIM2) of the Zn-doped segment of a single p−n junction planar GaAs NW.
(a−c) Overlay of data represented in color onto a 3D view of NW topography. Dotted arrows in (a) and (b) indicate the growth direction of
NW. (a) Contact mode MIM color scheme. All MIM2 data were taken with a tip modulation in sine waveform varying between 0 and Vtip at 90
kHz; they both have the same color scale where areas with zero response are dark blue and higher sensitivity to the modulated voltage is
shown in yellow. (b) MIM2 data taken at Vtip = −3 V (c) MIM2 data taken at Vtip = −9 V. (d) Plot of several line cuts down the axis of the NW
of the topography (top, left axis, red), MIM capacitance (middle, right axis, blue), and MIM2 data oﬀset to zero (bottom, left axis, green and
purple). Arrows and vertical lines mark the spatial location and the corresponding data that are consistent across all forms of measurements:
L1 is a potential well formed from the highly Zn doped p+ region in the notches, and L2 is the ﬂat band region that exists at the center of the
peaks.

Table I. DFT Calculation Resultsa
1 Zn
−3

bulk conc (cm )
planar conc (nm−2)
EIn‑plane binding (meV)
Etwin binding (A/B) (meV)
ETotal binding (A/B) (meV)
max E reduction (%)

2 Zn

1.0 × 10
2.0 × 10−1
0
−32/−25
−32/−25
3

3 Zn

2.0 × 10
3.9 × 10−1
−27
−51/−37
−78/−64
7

20

20

6 Zn

3.0 × 10
5.9 × 10−1
−82
−77/−55
−159/−137
15
20

5.9 × 1020
11.8 × 10−1
−464
−82/NC
−525/NC
50

Bulk concentrations are in cm−3, planar concentrations are in nm−2, binding energies are in meV, and reductions are in %. (A/B) denotes the
(111)A or (111)B face of GaAs; the twins are oriented along (111)B. NC: not calculated. The addition of Zn reduces the formation energy of the
twin boundary through (i) a binding energy between Zn atoms and (ii) a binding energy between the Zn and the twin.
a

twinned superlattice InP58 and kinked, polytypic GaN NWs.59
Lastly, we note that Chen et al. have reported on the
localization of seed particle impurities, during In/Sb alloyassisted growth, at twin plane defects in Si NWs.60 It was
proposed in their study that uniform incorporation of impurity
species precedes their preferential segregation at the site of twin
planes and that the likelihood for localization at a defect site is
proportional to the segregation energy of the impurity species.
The MIM and IR-sSNOM results above provided clear
evidence that that Zn doping in VLS grown planar GaAs NWs
is not uniform: there is strong local accumulation of Zn
dopants, and the presence or accumulation of Zn is associated
with [111] twinning in the planar GaAs NWs studied here.
However, the nature of the mechanism through which this
process proceeds warrants further theoretical consideration.
Using the BigDFT electronic structure code,61,62 the eﬀect of
Zn dopant atoms on the formation energy of these twins is
analyzed. We construct an orthorhombic, periodic 432-atom
unit cell, approximately 2.1 × 2.4 × 2.0 nm, containing a pair of
GaAs twins. The calculation parameters are chosen in
accordance with those reported previously for similar semiconductor materials:63 the exchange-correlation energy is
handled via the generalized gradient approximation (GGA)

with HGH pseudopotential and a Brillouin zone integration at
the Γ point. The structural relaxations use the FIRE algorithm
with an energy convergence criterion of 3 meV/Å. The energy
of the twin boundary in undoped GaAs is found to be 2.05 eV/
Å2, which is in good agreement with previous experimental
measurements,64 and relatively low among III−V semiconductors. As shown in Table I, the formation energy of the
same boundary in GaAs doped with 1% Zn or 1020 cm−3, in the
A-type (B-type) polarity, is reduced by roughly 3% (2%). One
arrives at these numbers by comparing the energy of the twin in
the doped case with the energy of GaAs, without a twin, at the
same Zn concentration.
The thermodynamic chemical potential is deﬁned in terms of
the Zn−As pair and deﬁned by the energy diﬀerence between a
pure GaAs system and the GaAs system with 1% Zn that
contains one Zn−As pair substituting for a Ga−As pair. When a
twin is present, and the Zn substitution is at the twin boundary,
there is further energy reduction with additional Zn
concentration. As shown in Table I, this holds beyond the
average concentration level of 1%, or approximately 1020 cm−3.
The energy reduction, in fact, has a stronger-than-linear
dependence on Zn concentration. This result can be considered
as the thermodynamic measure of the defect formation energy
F
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deionized water (volumetric dilution ratio of 1:1) for the removal of
surface oxide layers and residual organic contaminants. Next,
monodispersed Au colloids (BBI solutions) with 250 nm diameters
were drop-cast onto the GaAs surface, and samples were loaded in a
horizontal-ﬂow conﬁguration 200/4 AIXTRON MOCVD reactor for
SLE-NW growth. Prior to the onset of growth, a surface oxide
desorption step at 650 °C was implemented for a period of 10 min
under an arsine (AsH3) ﬂow of 50 sccm. The supply of TMGa, AsH3,
Si2H6, and DEZn precursor gases provided group III, group V, n-type
dopant, and p-type dopant growth species, respectively, under a
constant hydrogen (H2) carrier gas ﬂow of 5 L/min. Planar NW
growth was carried out at a temperature of 460 °C for a total duration
160 s at a reactor pressure of 950 mbar. During the multijunction NW
growth, the supply of Si2H6 and DEZn was alternated 8 times, with
dopant precursor ﬂows monotonically increasing in each sequentially
grown segment, resulting in the lateral assembly of 4 n−p (also, 3 p−
n) junctions along the axial growth direction. Based on calibrations of
GaAs (100) thin ﬁlms, Si concentrations in the alternating n-type
segments are estimated as 1.63 × 1017, 4.47 × 1017, 4.71 × 1018, and
9.45 × 1018 cm−3, while Zn concentrations in the alternating p-type
NW segments are estimated to be 1.67 × 1018, 3.33 × 1018, 5.33 ×
1018, and 6.00 × 1018 cm−3 from NW base to tip. Growth was
terminated after the formation of the ﬁnal p-type segment through the
cessation of TMGa and DEZn supply, and the samples were cooled
under a constant AsH3 ﬂow. After removal from the growth reactor,
the samples were subjected to a short (5 s) etching process in a
solution of H2SO4/H2O2/H2O (1:8:340) for the removal of a ∼20 nm
parasitic thin ﬁlm on the 18 μm long NW sample surface, which was
formed in tandem with NW growth both on the NW sidewalls and in
the exposed substrate surfaces between NWs under this growth
condition. We note that this postepitaxy etching process does not
adversely inﬂuence the morphology or structure of the laterally grown
NWs, nor does it modify the distribution of dopants therein.
Postgrowth Inspection of NWs. Postgrowth inspection was
performed using a Hitachi S-4800 ﬁeld-emission scanning electron
microscopy (SEM) system and JEOL 2010 LaB6 transmission electron
microscope (TEM), and the locations of individual NWs of interest
were marked and mapped using an FEI Helios NanoLab 600i focused
ion beam (FIB) system for subsequent correlation of sMIM and IRsSNOM data.
sMIM Mapping of NWs. All sMIM experiments were performed
using PrimeNano, Inc., microwave detection electronics, tip holders,
and custom coaxial tips in conjunction with an Asylum MFP3D atomic
force microscope. All AFM−MIM analysis was done on as-grown
samples in a contact mode scanning geometry. For this setup, the
microwave signal propagates from the source (−10 dB, 2.7−3.3 GHz)
to the apex of the coaxial tip where a portion of the signal reﬂected
back according to the sample impedance. The imaginary part of the
microwave reﬂectivity was isolated using a capacitive standard
calibration sample, alumina (Al2O3) dots on silicon, making the
technique sensitive to small changes in surface capacitance. The MIMIm signal is proportional to the tip−sample capacitance resulting from
charge stored in the metal−semiconductor junction formed in the
contact mode geometry.40 The capacitance data can be qualitatively
correlated to the inverse of the Debye screening length under the tip,
which is linearly proportional to the square root of the free carrier
concentration (n1/2), according to a simple physical interpretation of
the depletion capacitance at metal−semiconductor junctions. Other
contributions to the capacitance signal such as thermal drift from
internal electronics and environmental stray capacitance creates an
arbitrary baseline signal that must be normalized using a linear ﬂatten
ﬁlter; this makes the technique qualitative in nature.
IR-sSNOM Mapping of NWs. IR near-ﬁeld maps of individual
NWs were acquired by utilizing a commercially available SNOM
microscope (neaSNOM, neaspec GmbH). Here the output of a
continuous-wave tunable CO2-laser (Access laser) at a frequency of
884 cm−1 was focused via a parabolic mirror on to a Pt/Ir coated SiAFM tip (Arrow NCPT, Nanoworld) with an apex radius of ca. 20 nm.
While scanning, the sample below the AFM tip, we detect and analyze
the tip-scattered light using a Michelson interferometer to obtain

reduction due to Zn when substitutional Zn is taken as a
reference for Zn.
While the calculation results suggest that there is a nonnegligible binding (or energy reduction due to spatial
proximity) between the Zn dopants and a GaAs twin, one
must also consider the relationship between the overall spatial
distribution of Zn and the relatively distantly spaced twins
found in the planar GaAs NWs. Since twinning is
experimentally observed only when the nominal doping
concentration is above the 1018 cm−3 range,46 Zn is only likely
to promote twinning by reducing the twin formation energy if
there is a suﬃcient spatial nonuniformity in the Zn distribution,
so that locally the Zn concentrations can approach the 1019−
1020 cm−3 level considered in the computational study. Indeed,
previous experimental evidence suggests that there is a manybody eﬀect by which Zn dopant atoms in GaAs segregate due
to an attractive interaction.65 In the present case, if a modest
segregation eﬀect shifts the average Zn concentration of 1018 to
a local concentration that is an order of magnitude higher, as
seen by Ebert et al.,65 the strong twin formation energy
reduction seen in the present calculations would provide a clear
explanation of the experimentally observed twins. Thus, the Zninduced twinning in GaAs may be driven by a two-step
mechanism, as shown by the results of the calculations: ﬁrst the
Zn impurities segregate due to a negative binding energy
(calculated to be 82 meV in our unit cell containing three Zn
atoms, Table I), and second, the twin forms due to an
additional energy reduction of the twin in the presence of the
Zn-enriched plane (calculated to be 77 meV for three Zn
atoms, Table I). Overall, in this case, the twin formation is
reduced by about 15% with respect to the undoped case. The
three Zn atom case, considered here as an example to illustrate
the role of the Zn planar concentration, corresponds to a Zn
planar density of 0.59 nm−2 (or 5.9 × 1013 cm−2). It is also
interesting to note that the eﬀect becomes signiﬁcantly stronger
at slightly higher Zn concentrations; in the six-Zn-atom case,
for example, the total energy reduction reaches 50%, most of
which is due to the in-plane binding of the Zn dopant atoms.
Given such a correlation, the twin is expected to appear when a
threshold concentration is achieved. That was indeed what was
observed experimentally,46 where the onset of twin-plane
superlattice (TSL) formation in planar Zn-doped GaAs NWs
was estimated to be around the 1019 cm−3 doping level based
on electrical measurements.

CONCLUSIONS
In summary, using the state-of-the-art, nondestructive, tipbased scanning microscopy techniques, MIM, MIM2, and IRsSNOM, we have probed the dopant distribution proﬁle in
multijunction planar GaAs NWs grown by Au-seeded SLE
mechanism. By the one-to-one correlation of the topography,
electrical carrier distribution, and dopant impurity scattering
proﬁles, we have provided unambiguous evidence that Zn
dopants are preferentially accumulated at the twin-plane
boundaries. We attribute this phenomenon to an energy driven
mechanism where having Zn impurities residing in the twin
planes lowers the twin formation energy, as conﬁrmed by DFT
calculations.
METHODS
NW Growth. Sample preparation for NW growth was initiated by
surface cleaning of semi-insulating (SI) GaAs (100) substrates with
resistivity of >1E7 Ω·cm in a diluted solution of hydrochloric acid and
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simultaneous optical amplitude and phase maps of the NWs. In order
to eliminate far-ﬁeld background scattering, the AFM is operated in
dynamic mode where the tip oscillated at an amplitude of about 40−
50 nm at a frequency Ω ∼ 250 kHz allowing interferometric
heterodyne detection of the apetureless nearﬁeld signal. The details of
the optical signal processing technique can be found in.42 The optical
detector signal is demodulated at higher harmonics of the tip
oscillation frequency (∼3−4 nΩ), yielding background-free IR nearﬁeld amplitude and phase signals. According to the Drude model, the
optical absorption in the mid-IR is proportional to the free carrier
concentration; hence, spatial changes in the near-ﬁeld amplitude signal
is dominated by the surface’s free carrier distribution.45 This makes IRsSNOM characterization a directly complementary to MIM for
electron property mapping.
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