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Abstract
Off-axis electron holography was used to reveal remote doping in GaAs nanowires occurring
during in situ annealing in a transmission electron microscope. Dynamic changes to the
electrostatic potential caused by carbon dopant diffusion upon annealing were measured across
GaAs nanowires with radial p-p+core–shell junctions. Electrostatic potential profiles were
extracted from holographic phase maps and built-in potentials (Vbi) and depletion layer widths
(DLWs) were estimated as function of temperature over 300–873 K. Simulations in absence of
remote doping predict a significant increase of Vbi and DLWs with temperature. In contrast, we
measured experimentally a nearly constant Vbi and a weak increase of DLWs. Moreover, we
observed the appearance of a depression in the potential profile of the core upon annealing. We
attribute these deviations from the predicted behavior to carbon diffusion from the shell to the
core through the nanowire sidewalls, i.e. to remote doping, becoming significant at 673 K. The
DLW in the p and p+regions are in the 10–30 nm range.

Supplementary material for this article is available online
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1. Introduction

The density of integrated electronic components continues to
increase as the dimensions of individual devices shrink. Many
semiconductor materials are synthesized in the form of nano-
wires (NWs) and employed as building blocks of high-per-
formance nanoscale devices. NWs offer several advantages
over traditional thin films. For example, they may

accommodate a large lattice mismatch, enabling new hetero-
structure material combinations and monolithic growth on
inexpensive and widespread substrates such as Si [1, 2].
Semiconductor NWs are also employed in light emitting
diodes, photovoltaics, photodetectors, solar cells, field-effect
transistors and photonics [1, 3–8]. For these applications, it is
essential to control the doping in the NWs, ideally with near-
atomic resolution. Doping assessment at the nanoscale
with techniques such as Raman spectroscopy [9], photo-
luminescence [10], Hall effect [11–13], time-resolved terahertz
photoconductivity [14], capacitance–voltage measurements
[15] and 4-point probe [16], is hampered by spatial resolution
limitations. Other techniques targeting local chemical compo-
sition, such as secondary ion mass spectroscopy [17] and atom
probe tomography [18] are also limited by their poor sensitivity
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to active dopants. Off-axis electron holography (EH) [19–21] is
an interferometric transmission electron microscopy (TEM)
technique that measures a spatially resolved phase difference
between the electrons passing through the specimen and those
passing through vacuum. This phase difference encodes
information on the potential variation across the sample relative
to vacuum, which can then be retrieved. EH thus offers the
unique combination of specific sensitivity to active dopants via
the built-in potential they generate and nanoscale spatial
resolution. EH has been employed for solid and liquid mate-
rials [21], has successfully profiled dopant distributions in p–n
junctions [22–28], n-MOSFET/n-MOS [29, 30], i–n junctions
[31], p-p+junctions [32], and p–i–n radial structures [33, 34].
It has also been employed to monitor the state of dopant dif-
fusion in a series of samples annealed ex situ [35]. In such case,
direct comparison of holographic results is challenging, since
different samples can be subjected to unequal artifacts intro-
duced by the sample preparation techniques and by variation of
TEM parameters at each measurement. In this work, EH was
used to study in situ remote doping in GaAs NWs inside a
TEM. We demonstrate the sensitivity of EH for detecting real-
time changes to built-in potentials and depletion layer widths
(DLWs) measured from electron holograms acquired as a
function of temperature with resolutions of 0.1 V and 5 nm,
respectively. The EH data reveal the maximal carbon dopant

concentration that GaAs NW can be doped with, and the carrier
concentration in unintentionally doped GaAs NW core.

2. Methods

The radial core–shell GaAs NWs investigated in this work
were grown selectively by metal organic vapor phase epitaxy
(MOVPE) [36]. The core was nominally undoped (carrier
concentration is 1.79×106 cm−3 at 300 K) and the shell was
highly carbon doped. The sample was epitaxially grown on
pre-patterned Si(111) substrate by low pressure (80 mbar)
metal organic vapour phase epitaxy system Turbodisc® Dis-
covery 125 with H2 as a carrier gas. The dielectric Si3N4 mask
deposited on Si surface consists of an array of 200 nm
openings with pitch of 800 nm. The epitaxy process pro-
ceeded as follows: the core was grown using TMGa flow of 3
sccm, AsH3 flow of 50 sccm, at a temperature of 1023 K for
1800 s. The shell was grown under TMGa flow of 20 sccm,
AsH3 flow of 50 sccm, dopant CBrCl3 flow of 3 sccm, and
growth time of 40 s at 898 K. The scheme successfully
produced a radial growth as desired. Schematics of the growth
process are shown in figure 1. The details on lamellae prep-
aration can be found in the Supplementary Information.

The real-time measurements were performed in a FEI
Titan Analytical 80–300ST TEM (ATEM) by in situ heating

Figure 1. (a) Atomic arrangement in GaAs along [111] and [110] crystallographic directions. Lattice constant is 5.65325 Å. (b) Cross-
sectional and plan views of the substrate with patterned dielectric layer for subsequent GaAs nuclei formation at the patterned sites. (c)
Localization of the GaAs nuclei at the patterned sites during MOVPE growth of GaAs (core growth). (d) Radial growth of GaAs nanowire in
(e) to yield an intentionally doped carbon doped shell. SEM image of the GaAs nanowires after the growth of the core and shell show a tilted
view of the nanowires. In (b) the pitch and the diameter of the perforations are marked by horizontal and vertical arrows.
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of the cross-sectional samples using a Gatan double tilt tan-
talum heating holder, and acquiring electron holograms as a
function of temperature, up to 873 K. Off-axis EH was per-
formed using 120 keV electrons to remain below the knock-
on damage threshold energy of 141.6 keV [37] with threshold
displacement energy for GaAs of 10 eV [38]. For each
temperature a series of object holograms and reference
holograms in vacuum were obtained. The cross-sectional
samples were tilted 2° from zone axis to minimize diffraction
contrast. Similar diffraction conditions were used during
in situ annealing and holography measurements. The sample
temperature was raised with an estimated rate of ∼20 K
min−1, with dwell time at each target temperature of 30 min in
average. The error bar for the quoted temperatures for the EH
measurements is ∼10 K.

As a first measurement, cross-sectional samples of GaAs
NWs were annealed inside the TEM at temperatures up to 873
K. No deterioration of the NWs was observed during
annealing. Previous works have shown that in the absence of
arsenic flux the crystal structure remains intact when annealed
up to ∼950 K, but the GaAs NW morphology evolves
[39, 40]. Thus, Ga and As evaporate stoichiometrically in the
NWs up to 950 K [40]. The hydrogenated amorphous carbon
(a-C:H) film surrounding the NWs, deposited during sample
preparation protects the sidewalls preventing its evaporation.
To assess dopant diffusion as a function of temperature, the
expected potential profile and DLWs across the GaAs NWs
were simulated with COMSOL Multiphysics software. Fur-
ther details can be found in the Supplementary Information.

The measured holographic phase maps and the simula-
tions were used to extract built-in potential (Vbi) and DLWs as
follows. In the absence of magnetic fields, the phase of the
electron wave scattered by the sample relative to the phase of
electrons passing through vacuum is given by [41]:

( ) ( )j = +C h V V 1E o f0

( ) ( ) ( )jD = + - - =+C h V V V V C h V , 2E o f p f p E o bi0 , 0 ,

where CE is a constant that depends on the beam electron
energy and is 8.64×106 rad V−1 m−1 for 120 keV electrons
[42], ho is the thickness of the object, V0 is the mean inner
potential of the solid, andVf is the potential at the Fermi level
in the individual p or p+region prior to the junction for-
mation. jD is the difference between j for shell and core;
since core and shell are made up of GaAs, the V0 is same for
both. The built-in potential (Vbi) is related to jD in
equation (2). The crystalline thickness of the sample was
estimated by convergent beam electron diffraction as 250±5
nm. Inactive amorphous layers at the top and bottom facets of
the NW are expected to form as a result of FIB milling. Since
at the end of the lamellae preparation we used a 2 keV Ga+

ion beam for final polishing, the thickness of the amorphized
layers is estimated to be ∼1 nm based on an independent
measurement on a Si sample [43]. Since these amorphized
layers are significantly thinner than the sample, they were not
considered in the measurement of V .bi

The choice of NW thickness was based on optimizing the
holography signal: as the sample thickness increases jD

(equation (2)) increases, making it easier to detect phase
changes across the junction; on the other hand, when the
sample is too thick the fringe visibility m (equation (6)) drops
due to increased inelastic scattering.

From 2D potential maps, line scans of potential were
obtained. Then, sigmoidal logistic functions in equation (3)
were used to fit the step function ( )F x associated with the
potential variation across the junction:
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where the fit parameters are A ,1 A ,2 x0 and p. Vbi is then given
by:

( )= -V A A . 4bi 2 1

In addition to the statistical uncertainty of the fit, the
thickness uncertainty will contribute to the error in Vbi via
equation (2). However, in our measurements these are neg-
ligible when compared to the phase resolution given by:
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where jmin is the minimum phase that can be detected
between adjacent pixels in the acquired hologram [44]. m and
N are the fringe visibility and average counts, whereas Imax

and Imin are the fringe´s maximum and minimum counts. In
our measurements on samples, I ,max I ,min m and jmin are
approximately 5500, 3000, 30% and 0.2 rad, respectively.

The error in Vbi is estimated as:

( )
j
j

=
D

dV

V

d
8min

bi

min

( )
j
j

j
=

D
=dV

d

V

d

C h
, 9min

min

bi

min

E 0

where dVmin is the error in V ,bi and Vbi and jD are the steps in
potential and phase across the junction as in equation (2),
respectively. With djmin∼0.2 rad as above, we obtain
dVmin∼0.1 V.

3. Results

The DLW for the core and the shell at the junctions along
each <110>direction were extracted from derivatives of the
experimental potential profiles. Details are reported in the
supplementary information (figure S1 (available online at
stacks.iop.org/NANO/33/475705/mmedia)).

A sketch of the hexagonal cross-section of a p-p+core–
shell GaAs NW lying on a SiO2/Si substrate is shown in
figure 2(a), whereas the reconstructed phase map from the
hologram acquired at room temperature (RT) is shown in
figure 2(b). Visual inspection of figure 2(b) clearly
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distinguishes the p-core (bright contrast) from the p+shell
(dark contrast) and that the core is not at the center of the NW.
The size of the core is 140 nm and shell is 95 and 126 nm
thick along direction 1. In addition, the shape of the GaAs
NWs is not a perfect hexagon, most likely caused by unequal
local fluxes of Ga and As in equivalent crystallographic
directions during growth of the NW. A similar effect was
observed in [45], where it was shown that the III/V flux ratio
as well as the individual III and V fluxes can affect the NW
morphology. Additionally, growth temperature could also
contribute to the morphology [45]. During the radial growth
of our sample, the incorporation of carbon into the shell could
also be affected by the neighbouring topography. Con-
sistently, the RT line scans of the electrostatic potential
extracted from the holographic phase map along the
<110>directions (labelled ‘Dir. 1–3’ in figure 2(c)) reveal a
dopant concentration gradient across the NW.

The results of COMSOL simulations on Vbi for well-
known cases of micron-scale pn and pp+junctions are shown
in figure S2 of the supplementary information. The almost-
perfect match between simulations and theoretical expecta-
tions validates the simulations. To replicate our experimental

line scan profiles at RT in COMSOL, the hole density in the
core was set to 1.79×106 cm−3

–1×1017 cm−3, corresp-
onding to a dopant range covering nominal intrinsic value for
GaAs and significantly doped GaAs; the shell was kept at a
hole concentration of 1.5×1020 cm−3. However, as shown
in figure S3(a), in these cases the simulations deviated sig-
nificantly for both potential line profiles (the potential profile
in the core region had a curved top, which is not observed
experimentally) and DLWs. Only by keeping the shell at a
hole concentration of 1.5×1020 cm−3 and increasing the
hole density in the core to 5×1017 cm−3 did we obtain
simulated potential profiles wherein the fitted DLWs and the
Vbi values became in reasonable agreement with the exper-
imental values. Moreover, the potential curve in the core
region features a linear top, as shown in figure S3(b), which
best matches our experimental results. This suggests that the
core is unintentionally doped rather than intrinsic, most likely
by the methane produced as a by product during NW
growth [46].

The electrostatic potential profiles along the direction 1–3
as a function of temperature are shown in figures 2(d)–(f). A
change in shape of the electrostatic potential profile was

Figure 2. (a) Schematic cross-section of the NW. Arrows indicate diffusion direction of C from the shell into the core. (b) Reconstructed
electrostatic potential map at RT. Arrows indicate the three <110>directions, labelled Dir 1–3, which are normal to the facet edges (c)
potential profiles at RT along Dir 1–3, centered with respect to the middle of the NW´s core. (d)–(f) Potential profiles from RT and 100 K to
873 K in 100 K steps for Dir 1–3, respectively. The arrows indicate the position of a depression within the core. The line scans are arbitrarily
offset along the vertical direction. (g)–(h) Magnitude of the depression as a function of temperature for Dir 1 and 2.
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observed, showing a formation of a depression inside the core
of the NW above 473 K (indicated by the arrow), which is
more evident for directions 1 and 2. The magnitude of the
depression increases with temperature. as shown in
figures 2(g)–(h).

To gain insight into our experimental measurements, a
2D COMSOL model was created of a p-p+core–shell GaAs
NW with a linear dopant concentration gradient across it
(figure S4) that best matches the RT data. The model keeps
the dopant concentration gradient fixed over the temperature
range to generate simulations in the absence of dopant dif-
fusion. Circular NWs were simulated rather than the actual
hexagonal NWs, because theVbi and DLW depend on the size
of the NW to a much greater extent than on its shape. By
comparing the built-in potentials of a micron-scale and a
nano-scale pp+junction (figure S3(c)) we observe that size
has a minor effect on . Therefore, by changing the shape of
the object while preserving the size of the object cross-
section, the effect on Vbi is expected to be negligible. Our
simulations highlight a few important aspects. First, the dia-
meter of the core (figure S5) affects the magnitudes of Vbi

across the p-p+junctions. Additionally, as the difference in
dopant concentration between p and p+regions increases,
Vbi increases (figure S6). Finally, our simulations show thatVbi

increases with temperature (figures S4 and S7). By comparing
figures S4 and S7, offsetting the core to one side of the shell
has negligible effect on the Vbi and produces similar behavior
of DLWs as a function of temperature. In the simulations
shown in figure 3, the core was positioned at the geometric
center of the shell since the trends are independent of the core
offset.

Figure 3(a) labels the different junctions along directions
1–3 that were used for further analysis. The simulated Vbi and
DLWs as a function of temperature are shown in figures 3(b)
and (c), respectively. In our simulations where remote doping
is absent,Vbi varied from 0.14 to 0.42 V for the junction at the
interface ‘a’ and from 0.15 to 0.41 V for the junction at
interface ‘b’, in the range of 300–873 K. The a and b junc-
tions are marked in the simulation of figure S4 and are built to
be equivalent to junctions 1a and 1b in figure 3(a). The DLWs
in the core are 23–37 nm and 25–38 nm for the a and b
junctions, respectively, in the temperature range investigated
and they increase with temperature. The DLWs in the shell
are 3–5 nm and ∼5 nm for the a and b junctions, respectively,
and do not significantly increase with temperature. The
simulated Vbi as well as the DLW for the two junctions along
the same direction are slightly different due to the dopant
concentration gradient across the NW.

The experimental Vbi extracted from potential maps and
estimated using equation (4) are shown in figures 3(d), (g) and
(j) for the three <110>directions. The values of Vbi aver-
aged over junctions a and b and across the whole temperature
range investigated are 0.3 V, 0.2 V and 0.2 V for directions
1–3, respectively, and they are constant with increasing
temperature. The DLW for the 1a and 1b junctions are shown

in figures 3(e)–(f). The DLWs for the core at the a and b
junctions at RT are approximately 20 nm for all directions and
they increase slightly with temperature. The DLWs for the

shells are essentially constant for all junctions in all directions
as the temperature increases.

4. Discussion

Contrary to the simulated behavior, a nearly constant Vbi was
measured over 300–873 K. We first note that the electron
beam was always on during the entire experimental run. This
can stimulate doping by carbon contamination deposition
over the irradiated area of the sample followed by enhanced
penetration of carbon atoms into GaAs through momentum
transfer or in situ annealing. Any electron beam assisted
penetration of carbon atoms would naturally occur in the
electron beam direction. Since the Vbi and DLW are measured
on the sample in the directions perpendicular to the electron
beam, any conceivable beam-induced doping must include
carbon diffusion from shell to core. Further, during in situ
annealing point defects can arise in the sample either pro-
duced by the electron beam or by the congruent evaporation
of Ga and As species. These defects would be present all
across the NW contribute as well to carbon diffusion through
the sidewalls.

Next, the simulation data shown in figure 3(c) indicate
that the DLW for the core, for example at 673 K, is sig-
nificantly larger than that at RT. On the other hand, the DLW
extracted from the experimental measurements for the core
along any direction at RT and at 673 K do not show an
increase that is comparable to that obtained in the simulations.
The DLW increases with temperature and decreases with core
doping. Therefore, a lack of significant variation of DLW
with temperature can only exist when both these factors
balance each other.

The DLW for the core is higher than that for the shell
because of the difference in doping concentrations. The
DLWs and the dopant concentrations in the shell remain
essentially unchanged and this result agrees with the simu-
lations. The radial dopant distribution across the NW is
asymmetric prior to in situ annealing. However, the slight
difference in the profile of Vbi with temperature for Dir 1–3
imply that carbon is incorporated in an asymmetric manner
into the NW during in situ annealing.

Another indication that remote doping is taking place is
the dynamic evolution of the depression in the electrostatic
potential profile shown in figure 1, during in situ annealing.
The depression in the electrostatic potential increases in
magnitude with temperature and vanishes at 873 K. A pos-
sible explanation for the disappearance is out-diffusion of
carbon to sufficient length at 873 K, causing flattening of the
potential curve in the core region.

The C diffusivity in the bulk of GaAs NWs is different
than that in bulk GaAs, which is described by [47]:

( )= - - -*D e5 10 cm s 10kT8
1.75

2 1

with kT expressed in eV. From the diffusivity, the diffusion
length can be estimated as L= Dt2 , where t is time.
Equation (10) predicts a length of 0.03 nm at 673 K for a
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∼10 min time scale, which is negligible. We thus infer that C
diffusion in GaAs NWs could be much larger than in bulk
GaAs. First, this is consistent with two orders of magnitude
diffusion enhancement in Si NWs compared to bulk Si [18].
Second, NWs have twins [48, 49] and intrinsic defects [50]
from the growth, and during any subsequent annealing
additional defects such as column III antisites, column III
interstitials and As vacancies [51] are expected. These defects
might cause enhanced dopant diffusion. Third, we expect that
as the incongruent sublimation temperature increases in GaAs
NWs, the diffusivity increases (figure S8).

The enhanced diffusion of C in GaAs NW makes pos-
sible remote doping through the side facets defining the edges
of the core. Doping through the side facets is consistent with
what has been reported for Be dopants [52] and Si dopants
[53] in GaAs. However, unlike the Be dopants which

preferentially incorporates along 3-fold symmetric truncated
facets of GaAs NWs [33], C doped regions in our remote
doping experiment do not show strong segregation within the
core or shell.

5. Conclusion

In conclusion, we successfully fabricated GaAs NWs with
radial p-p+junctions and used off-axis EH to observe their
remote doping initiated by in situ annealing inside a trans-
mission electron microscope. COMSOL simulations show that
for a fixed diameter of the shell, the Vbi increases with core
diameter. Carbon doping of GaAs during growth in a MOVPE
process can lead to a p-p+core–shell radial structure in NWs
with a highly doped shell i.e.∼1.5×1020 dopant cm−3 and a

Figure 3. (a) Sketch of the cross-sectional NW with <110>directions labelled 1–3, normal to the facet edges. (b)–(c) Simulated Vbi and
DLW as a function of temperature and in the absence of remote doping. (d)–(l) Experimental values of Vbi and DLW for core and shell along
<110>directions: (d)–(f), direction 1; (g)–(i), direction 2, and; (j)–(l) direction 3.

6

Nanotechnology 33 (2022) 475705 G P S Balasubramanian et al



core that is unintentionally doped to ∼5×1017 dopant cm−3.
Further, we quantify remote doping in these NWs through
measurements of Vbi and DLW. The combination of (i) the
progressive formation of a depression in the potential profile
inside the core with increasing temperature, which is significant
at 673 K (ii) the weak variation of Vbi with temperature, along
any direction, and (iii) the variations of simulated DLWs with
temperature, strongly suggest that C diffusion in GaAs NWs is
significantly larger than that in bulk GaAs above 673 K.
Carbon is incorporated effectively through the {110} bounding
facets of the NW core and the slight difference in the Vbi and
DLW as function of temperature for each equivalent
<110>direction indicates asymmetric incorporation of C
during in situ annealing. Defects produced by the electron
beam irradiation and those resulting from congruent evapora-
tion of Ga and As could lead to enhanced diffusion of carbon
in the NWs.
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