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ABSTRACT We report quantitative, noninvasive and nanoscale-resolved mapping of the free-carrier distribution in InP nanowires
with doping modulation along the axial and radial directions, by employing infrared near-field nanoscopy. Owing to the technique’s
capability of subsurface probing, we provide direct experimental evidence that dopants in interior nanowire shells effectively contribute
to the local free-carrier concentration. The high sensitivity of s-SNOM also allows us to directly visualize nanoscale variations in the
free-carrier concentration of wires as thin as 20 nm, which we attribute to local growth defects. Our results open interesting avenues
for studying local conductivity in complex nanowire heterostructures, which could be further enhanced by near-field infrared

nanotomography.
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emiconductor nanowires bear enormous potential

as building blocks for future nano(opto)electronic

devices,' ~® including lasers, transistors, and biosen-
sors. A widely used method for fabricating semiconductor
nanowires is the vapor—liquid—solid (VLS) growth. It allows
the variation of diameter and length as well as the local
chemical composition” and doping concentration® of the
nanowires. The possibility to control the physical properties
on an atomic level may open the door to completely new
electronic structures and devices.” As the VLS wire-growth
occurs at the interface between a metallic particle that acts
as catalyst and the semiconductor nanowire, it is directed
along the longitudinal axis of the wire. But also radial growth
takes place with a much slower growth rate as it is not
catalyzed by the metallic particle.'® Existing segments of the
nanowires thus are overgrown with a thin shell determined
by the different growth conditions, enabling the fabrication
of radial heterostructures."'~'* Radial dopant profiles, for
example, have been put forward as ideal geometry for
photovoltaic and LED nanowire applications.'>'® In this
configuration the p-n-junction extends over the whole nano-
wire length, facilitating carrier injection and extraction.
However, the successful application of nanowires will criti-
cally rely on the control and experimental verification of the
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617719 which is still a chal-

local free-carrier concentration,
lenging task.

Recently, it has been reported that the spatial distribution
of impurity dopants incorporated by VLS and shell growth
can be determined by using laser-pulsed atom probe mi-
croscopy (APM).'® However, laser-pulsed APM is a destruc-
tive technique and due to surface and shielding effects®° not
all dopants necessarily have to be ionized, yielding a free-
carrier concentration that may be reduced compared to the
chemical dopant concentration. Garnett et al.'? reported the
radial free-carrier profile of single silicon nanowires by
capacitance—voltage measurements, but this technique re-
quires electrical contacts and does not provide nanoscale
resolution in axial direction. Since for the deployment of the
nanowires in optical and electronic devices the local con-
ductivity is a critical parameter, nanoscale resolved free-
carrier mapping is of utmost importance in order to tune and
optimize the fabrication process. Consequently, different
methods are explored in this direction, including electron
holography microscopy,®' Kelvin probe force microscopy®”
and scanning spreading resistance microscopy.?”> Here we
report nanoscale mapping of free carriers in axially and
radially modulation-doped InP nanowires (see Figure 1a) by
scattering-type scanning near-field optical microscopy (s-
SNOM). In s-SNOM,** an atomic force microscope (AFM) tip
is illuminated by a focused infrared (IR) laser beam. Nano-
scale free-carrier mapping is achieved by recording the
amplitude and phase of light backscattered from the met-
alized AFM tip, simultaneously to the topography.®>~2”
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FIGURE 1. Infrared near-field mapping of modulation doped InP nanowires. (a) Schematic illustration of free-carrier profiling of modulation-
doped semiconductor nanowires by infrared s-SNOM. (b—d) Topography and infrared amplitude s, and phase ¢, images of two representative
InP nanowires recorded at an IR laser frequency of 893 cm™! (11.2 um wavelength). For s-SNOM measurements the InP nanowires are adsorbed

on a flat silicon surface.

Near-field optical imaging was performed with our home-
built infrared s-SNOM.** It is based on an AFM in which
conventional Pt-coated Si-tips (apex radius ~ 20 nm) are
illuminated by a focused CO, laser beam at frequencies
between 890 and 1100 cm™! (Figure 1a). Nanoscale-resolved
IR imaging is realized by recording the light backscattered
from the tip. Operating the AFM in tapping mode, the tip is
vertically vibrating with an amplitude of about 20—30 nm
at a frequency of Q ~ 300 kHz. Background-free near-field
IR imaging is achieved by pseudoheterodyne interferometric
detection of the backscattered light and subsequent demodu-
lation of the detector signal at the nth harmonic of the
tapping frequency, nQ.*® In the present experiments, sec-
ond harmonic demodulation (n = 2) was employed, yielding
amplitude s, and phase ¢, images, simultaneously to
topography.

InP wires comprising three different segments were
prepared by growing vertically standing nanowires in the
VLS growth mode on an InP surface.® For the s-SNOM
measurements, the InP nanowires were transferred me-
chanically from the InP substrate onto a silicon wafer. The
geometry of the nanowires is displayed in Figure 1a. First
an undoped segment was grown followed by a highly sulfur
(S) doped segment. The third, undoped, segment is grown
with the same parameters as the first segment. In the
following, we quantitatively determine the free-carrier con-
centration in the three different segments. (A) The undoped
top segment terminated by the Au catalyst particle, (B) the
middle segment containing a doped core coated by a doped
inner shell, which shows a decrease of thickness along the
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growth direction and an uniform undoped outer shell, and
(C) the bottom segment where the undoped core is coated
with a uniformly doped interior shell and an undoped outer
shell. The thin shells in segments (B) and (C) arise from the
slow radial growth that takes place simultaneously to the
axial growth but at a lower growth rate.''™'*

Figure 1b shows the topography of two InP wires and the
simultaneously recorded IR amplitude s, (Figure 1¢) and
phase ¢, images (Figure 1d) at a laser frequency of w = 893
cm™!. While the topography image shows the uniform
surface of the wires, the IR images clearly reveal the three
different segments. Obviously, the IR amplitude and phase
contrasts allow for distinguishing between the doped and
undoped segments. Linescans (Figure 2a) showing the in-
frared amplitude and phase along the axis of the right wire
also reveal a clear material contrast between the Au particle
and the undoped InP segment. In agreement with former
s-SNOM studies, the metal exhibits higher IR amplitudes
than the undoped semiconductor material.*>*® From the
sharp change of the amplitude signal at the Au/InP interface
wire we can estimate a spatial resolution of about 25 nm.

Before analyzing the measured IR contrast along the InP
wires, we illustrate the capability of free-carrier mapping in
doped nanowires by calculating amplitude and phase of the
tip-scattered radiation by using the finite-dipole model.*® In
this model, amplitude and phase signals are derived from
the near-field interaction between the probing tip and a bulk
sample characterized by its dielectric function &pp. In our
calculations, we use literature values for the dielectric func-
tion of undoped InP.?° The presence of free carriers is taken
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FIGURE 2. (a) IR amplitude s, and phase ¢, along the axis of the
right nanowire in Figure 1c, extracted between the two positions
marked P1 and P2. The letters A—C mark the positions of the
infrared near-field spectra shown in Figures 4 and 5. (b) Calculated
s-SNOM amplitude s, of an InP sample with an increasing free-carrier
concentration from 10'7 to 10%° carriers/cm™> at the fixed IR
frequency of 893 cm™! (corresponding to 11.19 um wavelength). The
calculation was carried out employing the finite-dipole model* and
normalized to the s-SNOM signal of an Au sample.

into account by a Drude-term, yielding a dielectric function
of InP given by

Epplw) =& |1l — ——
nr o + iwy

where wp is the plasma frequency, which depends on the
free-carrier concentration n as wp® ~ n, whereas the damp-
ing y ~ 1/u inversely scales with the concentration-depend-
ent carrier mobility u(n). For the carrier mobility, we first
assume in the model values for bulk material taken from ref
31.

We first calculate the IR amplitude s, as a function of the
free-carrier concentration n for the fixed frequency w = 893
cm™!, which was employed for recording the images shown
in Figure 1. Figure 2b shows that with increasing n the
calculated amplitude first exhibits a minimum at around n
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~5x 108 cm™>, followed by a maximum at about n~ 10'°
cm™>. This resonance behavior®” arises from the near-field
interaction between the probing tip and the free carriers
(plasmons) in a highly doped semiconductor sample.?>*? As
for any resonance, the amplitude maximum is accompanied
by a strong phase change. Indeed, this resonance behavior
is clearly seen in the experimental line-plot shown in Figure
2a. The significant amplitude minimum (around x = 0.7 um)
directly reveals the existence of a free-carrier gradient
between the undoped (A) and doped (B) segments, extend-
ing more than 200 nm along the nanowire axis, as we can
estimate by comparing Figure 2a,b.

Intriguingly, in Figures 1d and 2a we also observe a phase
contrast between the undoped top segment (A) and the
bottom segment (C), the latter consisting of an undoped
core, but with an interior doped shell. The thickness of the
doped shell can be estimated to be about 10 nm and is
covered by an approximately 10 nm thick undoped shell
(both thicknesses can be determined from the topography
of the wire, showing a linear increase of the diameter from
100 to 140 nm). The successful detection of the doped
subsurface shell has two important implications. It demon-
strates that infrared near-field microscopy enables nonin-
vasive and nanoscale resolved free-carrier mapping inside
a single nanowire heterostructure. Further, it provides direct
experimental evidence that doping introduced during radial
nanowire growth yields a large free-carrier concentration,
that is, local conductivity, which has important conse-
quences for future device designs.

For a better understanding of the near-field IR free-carrier
contrast, we calculate the infrared amplitude s, and phase
@» signals as a function of the illumination frequency w
(Figure 3). We observe a distinct spectral behavior with a
resonance shifting to higher frequencies when the free-
carrier concentration n increases. This resonance, already
seen in Figure 2b, can be explained by a plasmon-resonant
near-field interaction®>%® between the tip and the doped InP
surface, which typically occurs near the plasma frequency
wp. The infrared near-field signal thus provides a significant
and highly sensitive spectral signature from which the local
free-carrier concentration can be determined, as we will
show in the following.

To quantify the free-carrier concentration in the doped
InP nanowire segment, we perform near-field spectroscopic
mapping of the right nanowire in Figure 1 in the spectral
range @ = 890—1100 cm™'. Local amplitude and phase
spectra taken at the top (A), middle (B), and bottom (C)
segments are shown in Figure 4a. The spectra of the un-
doped top segment (position A in Figure 1, blue symbols)
do not exhibit any spectral signature in both amplitude and
phase. The doped core (position B in Figure 1, red symbols),
in contrast, reveals a significant spectral signature. With
increasing frequency we find a strong signal decrease in both
the amplitude and phase. Applying the finite-dipole model,*”
we can fit the experimental data. The free-carrier concentra-
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FIGURE 3. Calculation of s-SNOM amplitude and phase spectra, s,
and ¢,, for InP samples of different free-carrier concentration n
ranging from 10" to 10" cm™>. The calculations were carried out
employing the finite-dipole model*® and normalized to the s-SNOM
signal obtained for an Au sample. We note that for illustrating the
plasmonic s-SNOM response in Figure 2 we neglect the contribution
of optical phonons in InP at around 350 cm ™.

tion n and free-carrier mobility ¢ are used as fit parameters.
Because of the flat spectral characteristics for the undoped
segment (A) we can only estimate an upper limit for the
doping concentration in this segment. We find a good
agreement between experiment and calculation forn< 10'8
cm™? (solid blue line). For the doped segment at position B,
we obtain good agreement in both amplitude and phase for
n=7.6 x 10'"® cm™ and a mobility that is reduced by a
factor of 0.45 with respect to the literature value for bulk
InP (solid red line).>°>! Possible reasons for the reduced
mobility could be the wire geometry or the high-frequency
(IR) measurement. For different bulk semiconductors, it has
been reported that the mobility at IR frequencies can be
significantly reduced compared to the DC mobility.”” Fur-
thermore, radial variations in the free-carrier contribution,
often observed in doped semiconductor nanowires,'®'?
could broaden the near-field resonance. Thus, fitting the
resonance would yield an averaged free-carrier concentra-
tion of the local volume probed by the near field of the tip
and a reduced mobility. A promising pathway to tackle this
issue in the future could be the development of near-field
tomography, which could allow for depth-resolved near-field
mapping of local material properties.’*>> Nevertheless, the
already demonstrated capability to retrieve free-carrier con-
centration and mobility with nanoscale spatial resolution
promises s-SNOM to become a highly interesting tool not
only for nanowire research.

We next study the IR near-field spectrum of the doped
interior shell of the nanowires’ bottom segment (Figure 4a,
spectrum C displayed by green symbols). Interestingly, we
find a clear signature in the phase spectrum. While both the
spectral amplitude and phase contrasts are significantly
reduced, the spectral feature appears in the same frequency
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FIGURE 4. Local infrared near-field spectra of a single InP nanowire.
(a) The red and blue curves show amplitude and phase spectra taken
at positions A (undoped InP) and B (doped InP core) marked in Figure
1b. The green curve C was taken at the center of the bottom segment
(doped InP shell) of an InP nanowire of the same nanowire sample.
Both experimental (symbols) and theoretical (solid lines) amplitude
s, and phase ¢, spectra were normalized to the signal obtained on
the Au particle. Numbers indicate the free-carrier concentration n
used for the calculations. The gray curves show calculated spectra
with increased and decreased free-carrier concentration (&5 x 10'®
cm ) illustrating that changes in the range of 50 % would yield large
spectral shifts of several 100 cm™'. (b) Schematic drawing of the
s-SNOM probing the highly doped middle segment and the highly
doped subsurface shell, respectively.

range as for the doped core (middle segment, position B).
We illustrate this finding by multiplying the phase spectrum
B of the doped core with a factor of 0.3. The good agreement
with the experimental phase spectrum C confirms the
absence of a pronounced spectral shift between spectra B
(doped core) and C (doped shell). Because the spectral
position of the phase slope is determined by the free-carrier
concentration n (see Figure 2 and gray curves in Figure 4a),
we can conclude that the effective free-carrier concentration
is similarly high as in the doped core. Considering that the
dopant concentration in the shell can be expected to be
higher than inside the core,'® this is an interesting observa-
tion. We explain it by the fact that the doped shell is clamped
between the undoped core and the undoped outer shell.
Because of the strong difference in concentration, free
carriers diffuse toward the undoped regions. Therefore, the
observed free-carrier concentration is lower than the chemi-
cally built-in dopant concentration. We note that the weaker
spectral contrast in both amplitude and phase can be
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FIGURE 5. Sensitivity of s-SNOM demonstrated on the highly doped
middle segment. (a) Near-field spectra of the central segment at
positions B and B*, revealing a slight difference in free-carrier
concentration amounting to about An = 0.5 x 10'® cm™>. (b)
Measured free-carrier concentration along the central nanowire
segment, shown together with a high-resolution infrared image at
893 cm™'. The data-points in Figure 5 have been calculated by
finding the best agreement for amplitude and phase between the
finite-dipole model calculation and the measured near-field spectra
at each position.

explained by the reduced amount of doped material that is
probed by the IR near-field at the tip apex (Figure 4b). The
reduced spectral contrast is a typical observation when the
near-field contrast of a thin layer is compared with a bulk
sample of the same material.>®

We now study in more detail the amplitude signal s, on
the central segment, which clearly increases along the axial
direction (Figure 2). Comparing the spectra taken at position
B and B* (Figure 5a), we find a slight shift of spectrum B*
toward higher frequencies. This corresponds to an increase
of the free-carrier concentration of about An = 0.5 x 10'®
cm™ (6.6 %). Evaluating local near-field spectra along the
nanowire axis, we find a linearly increasing free-carrier
concentration (Figure 5b). At first, this data evaluation
highlights the powerful combination of high sensitivity and
nanoscale spatial resolution provided by IR spectroscopic
s-SNOM. Furthermore, it indicates that the local free-carrier
concentration on the doped segment slightly increases with
increasing thickness of the inner doped shell. This could be
explained by the higher dopant concentration in the shell
compared to the core,'® yielding a higher number of dopants
with increasing shell thickness.

Finally, we demonstrate the intriguing sensitivity of s-
SNOM to local free-carriers in even very thin nanowires. In
Figure 6, we show modulation-doped InP nanowires with
diameters as small as 20 nm, which were grown with the
same growth-protocol as the 100 nm wires presented in
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FIGURE 6. Infrared near-field images of modulation doped InP
nanowires with a thickness of 20 nm. (a) Amplitude and (b) phase
images recorded at a frequency of 895 cm™' (11.17 um wavelength)
of a representative nanowire, grown with the same procedure as
the 100 nm InP wires.

Figure 1. The IR images clearly reveal the doped segment.
In contrast to the 100 nm wires, however, the doped
segment is substantially shorter, owing to reduced axial
growth speed in thin wires.>” Furthermore, the doped seg-
ment exhibits strong signal variations in both IR amplitude
and phase, which indicates a strongly inhomogeneous free-
carrier distribution. We assign this finding to an increased
defect density in thin wires®®?° but further systematic
studies are certainly needed for an in-depth understanding
of this observation. We expect that future combined TEM
and s-SNOM studies will provide deeper insights into the
interplay between structural and electronic properties in
doped semiconductor nanowires.

In conclusion, we demonstrated the application of infra-
red near-field nanoscopy for highly sensitive and nanoscale
resolved mapping of free carriers in doped semiconductor
nanowires. Provided radial carrier variations can be ex-
cluded, the method allows for the measurement of local
carrier concentration and mobility. Sensitivity to lower free-
carrier concentrations can be achieved by spectral exten-
sion*® of s-SNOM to terahertz frequencies.*® In case of three-
dimensional free-carrier distributions, that is, both axial and
radial variations of the carrier density, future quantitative
measurements will require systematic studies and improved
modeling of subsurface near-field mapping®' and depth
resolution in s-SNOM. The implementation of near-field
optical tomography, recently predicted to provide three-
dimensional information about the local dielectric proper-
ties,”® could open the door to noninvasive mapping of the
three-dimensional distribution of both the free-carrier
concentration and mobility not only in complex nanowire
heterostructures but also in single nanoparticles and
nanodevices.
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