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Current–voltage (I–V) characteristics of vertical p-GaAs nanowires (NWs) covered by different surface passivation materials 
were experimentally measured by conductive atomic force microscopy (C-AFM). The obtained I–V curves for individual NWs 
with a diameter of 100 nm covered with AlGaAs, GaN, GaP or InP shell layers were compared to analyse the influence of surface 
passivation on the density of surface states and choose the most beneficial passivating material for technological applications. We 
have found the absence of a Schottky barrier between the golden catalytic cap on the top of a NW and the nanowire situated below 
and covered with an ultrathin GaP passivating layer. It was suggested that passivating material can arrange the heterostructure 
configuration with the GaAs NW near the Au cap. The latter mechanism was proposed to explain a strong energy barrier found in 
nanowires covered with InP passivation. AlGaAs passivation affected the forward threshold voltage of nanowires for NWs, which 
was measured simultaneously with the resistivity of each individual vertical structure from an array by means of AFM in the re-
gime of measuring the I–V curves and onefold calculations. We made an attempt to develop the methodology of measurement and 
characterization of electric properties of passivated NWs.
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1. Introduction

Group III–V semiconductor nanowires (NWs) have 
been extensively investigated during the  last two de­
cades due to their prospective application in multiple 
emerging NW­based devices [1]. Particularly, GaAs 
NWs are one of the  most studied representatives of 
that class, since they are considered to be promising 
building blocks for next generation light emitting di­
odes [2], transistors [3], photodetectors [4] and photo­
voltaic cells [1, 5].

Nanowires are quasi one­dimensional structures. 
Their surface­to­volume ratios are considerably high, 
while the  surface–diameter ratio is also high, which 
leads to an increase of the influence of surface effects 
on the  NW’s electronic properties. The  high density 
of surface states, where electrons and holes can re­
combine (in GaAs NWs) [6], leads to the near surface 

depletion and significant decrease in an electrical cur­
rent through NW, due to immobilization of holes on 
the  surface for p­type GaAs. Moreover, charges can 
become trapped on surface states, causing local shifts 
in the  electric potential. Surface passivation is used 
to eliminate these effects. Surface passivation consists 
of reducing the density of surface states and forming 
of a protective shell around the NW. Such passivation 
is necessary for GaAs NWs with diameters less than 
150 nm [1], because it reduces the surface recombina­
tion rate and can increase the thickness of an undeplet­
ed area in the NW.

A limited number of parameters can be accessed 
to adjust the  charge carriers’ transport properties 
in NWs, e.  g. effective diameter, height, surround­
ing media, size of the metal cap and passivation of 
the surface [7, 8]. More specifically, diameter/height 
and diameter/spacing correlations were postulated 
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theoretically by Hu [9] and Kupec [10], while opti­
cally transparent SiO2 (usually surrounding the NW 
array in solar cells) can itself act as a  passivating 
agent for surface states [11]. Furthermore, it is nec­
essary to take into account the  doping level and 
the interface between the bulk semiconductor mate­
rial of a NW and the metal cap on its top. The latter 
exists due to a standard growth technique, since ver­
tical NWs are usually fabricated by growing under 
the  melted Au or Ga droplets. Unfortunately, such 
metal–semiconductor interface causes the Schottky 
junction and corresponding energy barrier [12–14].

As recently found by Wilks’ group [15], the mech­
anisms of conductive performance for ZnO NWs 
can be shifted from diode­like to ohmic­like by size 
of an Au cap on the top of the NW, or more correctly 
by the relation of diameters of a metal cap and a NW. 
Interestingly, in their essential work a  multi­probe 
contact device was utilized, although the results ap­
ply to the case of heavily doped NWs with a carrier 
concentration of approximately 1018 cm–3.

Since passivation is necessary for GaAs due to 
a  significantly high density of the  surface states, 
a  few articles recently reported studies of specific 
types of passivation layers for GaAs NWs. Surface 
passivation shells were found to exhibit a dissimilar 
stability and impact in conductive properties for Al­
GaAs [8, 16–19], AlInP [20, 21], InP [22], GaP [11, 
22, 23], GaAsP [24] nitride chemical solution [25] 
and sulfur chemical solution [25–277] passivations. 
However, no effort to summarize these data has been 
made, and the majority of these works have utilized 
only non­contact techniques or procedures, where 
the signal was spatially averaged for the whole array 
of NWs.

Additionally, a few reports [22, 25] have already 
postulated that even an ultrathin layer of passivating 
material (<1 nm) can significantly increase the mo­
bility of charge carriers and decrease the scattering of 
charge carriers on surface states. Therefore, the aim 
of our study was to compare different types of surface 
passivations on GaAs NWs and to establish the abili­
ties of modern scanning probe methods to solve this 
task on individual vertical structures.

2. Samples and experimental methods

Fabrication of crystalline doped semiconductor na­
nowires was done by the vapour–liquid–solid (VLS) 
method. The doping level of the utilized zinc­doped 
GaAs substrate was ~1.4 × 1019 cm–3, so its resistance 
was specially arranged to be ~7 Ω, i. e. few orders of 
magnitude higher than the conductivity expected for 
NWs. Thus, resistivity of such p+­GaAs substrates is 

considered negligible and not affecting the measured 
I–V curves of NWs.

2.1. Fabrication of passivated p-doped GaAs NWs on 
p+-GaAs substrates

The GaAs substrates were first cleaned using acetone, 
isopropanol and deionized water. The  cleaned sub­
strates were treated with poly­L­lysine, followed by 
~100 nm Au nanoparticle deposition from a colloidal 
solution. Next, the substrates were placed in a metalor­
ganic vapour phase epitaxy (MOVPE) reactor. Prior to 
nano wire growth, the samples were heated to 650 °C 
under H2 flow for 10 minutes to desorb surface oxides. 
The temperature was then lowered to 450  °C for na­
nowire growth, which was performed by simultane­
ously opening trimethylgallium (TMGa) (6.1 µmol/s) 
and tertiarybutylarsine (TBAs) (114  µmol/s) flows. 
For passivation, ultrathin InP or GaP capping layers 
were grown in the  same run using trimethylindium 
(TMIn) tertiarybutylphosphine (TBP) [22]. Alterna­
tively, AlGaAs shells were grown at 650  °C by intro­
ducing TMGa, TBAs and trimethylaluminum (TMAl) 
flows of 9.2, 148 and 7.2 µmol/s, respectively. The Al­
GaAs shell growth times were 2, 5 and 20 s. The nano­
wires were additionally p­type doped with diethylzinc 
(DEZn), with flows of 0.1 µmol/s for all samples be­
sides the sample with the AlGaAs shell grown during 
20 s, for which the DEZn flow was 0.05 µmol/s during 
the NW growth.

Switching of the Ga and As sources in the preset 
protocol initiated the deposition of crystallites from 
the  three­phase boundary (TPB) at the  interface 
between a  liquid Au droplet and a  solid GaAs sub­
strate [28]. Growth of the  NWs in the  (111B) crys­
tal plane was continued until NWs have reached 
~1 um in height (above the substrate, not considering 
the height of the Au cap). Deposition of the vapours 
on sidewall surfaces by the vapour–solid mechanism 
was not considered, though it usually leads to an in­
crease of the diameter of the NW resulting in a slightly 
conical shape of NWs, i. e. wider at the bottom. GaAs 
NWs were further considered cylindrical with a GaAs 
core diameter of 100 nm. The thickness of shell pas­
sivation layers were considered equal for all NWs in 
each array and along the length of the vertical struc­
tures. The summarized data for the prepared samples 
is given in Table 1.

As mentioned above, the doping level of the NWs 
was controlled by additional DEZn flow and by ad­
justing the II/III ratio of Zn/Ga sources. For samples 
1–6 (focused on comparison of passivation agents) 
the flow was 1  SCCM (standard cubic centimeters 
per minute) in order to reach ~1018–1019  cm–3 [29]. 
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It should be noted that sample 7 has been doped to 
an approximately twice lower level of ~0.5·(1018–1019) 
during the  0.5 SCCM flow, with the  motivation to 
compare the I–V characteristics for GaAs NWs hav­
ing different levels of doping. Heights and diameters 
of the fabricated p­GaAs NWs and their Au caps were 
controlled by a scanning electron microscope (SEM) 
after the growth. Further, all specified heights, diame­
ters and doping levels were verified by AFM methods.

Table 1. Summarized parameters of seven studied sam­
ples of passivated p­GaAs NWs.
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1 (unpas­

sivated) – 1019 1

2 GaP ~One monolayer 1019 1
3 InP Few monolayers 1019 1
4 GaN One monolayer 1019 ~0.4
5 AlGaAs 10 nm 1019 1
6 AlGaAs 30 nm 1019 1
7 AlGaAs ~300 nm 0.5·(1019) 1

Reference sample 1 was not passivated, while 
the  passivating layers of samples 2, 3, 5, 6, 7 were 
grown in a  MOVPE chamber by the  vapour–solid 

mechanism. GaP and InP passivation layers were 
grown with thicknesses even less than 1 nm. Passiva­
tion with AlGaAs has been performed during differ­
ent duration of precursor’s flow, which led to the 10, 
30 and ~300  nm thickness of the  passivation layer, 
respectively (Fig. 1). The nitride passivation was done 
with liquid phase deposition by exposure of the  ar­
ray to a  concentrated hydrazine solution during 
5  minutes. Then, the  stabilized GaN­coated sample 
was rinsed in double­distilled water and dried in air. 
The expected thickness of passivation is one mono­
layer of the GaN compound covering the NW [25]. 
Unfortunately, such treatment of the array by the liq­
uid solution resulted in the  observation that NWs 
became broken and the persistent height of the struc­
tures was ~400 nm. It can be expected due to the fact 
that a substrate with an array of NWs usually indicates 
low wettability by hydrophilic agents like hydrazine. 
This caused considerably high forces acting upon slim 
NWs in the array due to the weight of liquid hydra­
zine droplets. As a  result, heights of the  NWs were 
equal and Au caps were lost, so I–V curves were fur­
ther measured via the connection between a metal­
lized AFM probe and a semiconductor remainder of 
p­GaAs NW.

The SEM images and 3D­AFM images in  Fig. 1(a–c, 
e) are displayed with a  tilt angle of 30 degrees, in 
order to demonstrate the informativeness of these 
two microscopic methods. A  pyramidal shape of 
the NWs, as seen on the AFM images, is explained by 

Fig. 1. SEM images of p­GaAs NWs covered with shell layers of AlGaAs passivations: (a) 10  nm, 
(b) 30 nm and (c) 300 nm. (d) SEM image of a cross­sectional profile of sample 5, top view. (e) The over­
lay of a conductivity map on 3D topography of sample 5 taken by AFM (coloured online).

(a) (b) (c)

(d)

(e)

500 nm 500 nm 500 nm

500 nm100 nm
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the convolution of shapes of a slim vertical NW and 
a pyramidal shape of the tip of the AFM probe [16]. 
The  diameter of the  Au cap in Fig.  1(d) is 118  nm, 
while the  distance between two parallel sides of 
the  hexagon is 146  nm. This is caused partially by 
a small variability in the size of caps and by the shape 
of the NW resembling a hexagonal frustrum.

2.2. Methodology of the experiment

It is possible to notice that the map of conductivity 
indicates only few places where the PeakForce TUNA 
module of Multimode 8 AFM (Bruker) has recorded 
the conductive zones. This effect is in accordance with 
the properties of an AFM probe, considering the ge­
ometry of a certain AFM probe mounted on a flex­
ible cantilever and the difference in conductivity for 
facets of the pyramid of the AFM probe. Thus, only 
one facet of the conductive probe’s tip should be used 
for investigation of I–V curves for the  whole set of 
studied samples.

In the  C­AFM experiment, tracking of the  to­
pography and “mapping” of the electrically conduc­
tive zones were conducted simultaneously. This re­
sulted in obtaining of the accurate coordinates of all 
NWs, positioning of their Au caps and locations of 
the zones with the highest currents, which were re­
corded on the  right from the  Au caps. Afterwards, 
measurements of the DC in I–V characteristics were 
done in the spots with the highest peak current (vis­
ible as black spots in Fig. 1(e)), instead of the Au cap 
coordinates. This implies that the most stable contact 
between the probe of an AFM device and the Au cap 
of a NW can be acquired in a particular contact ge­

ometry. Moreover, it is needed to consider the follow­
ing: (1) partial wearing of the conductive Pt/Ir coating 
from the sectors of the AFM probe’s tip, which arises 
due to delayed triggering of an AFM piezo scanner 
feedback loop (causing momentarily excessive forc­
es of interaction between a  probe and a  NW); and 
(2) probability of uneven thickness of conductive 
coating, which leads to current flowing via a less re­
sistive part of the probe (where conductive coating is 
thicker) instead of the AFM probe tip’s apex.

Details of the  contact between the  probe and 
the  sample are schematically presented in Fig.  2(a), 
where the  three following angles can be seen: (1) an 
incline angle of the cantilever in the microscope probe 
holder (12°); (2) an additional angle of bending of 
the cantilever due to its flexibility (1°); and (3) an angle 
of pyramid’s edge for PFTuna (Bruker) probes (15°). 
Considering vertically standing structures (90°), 
the  NWs experienced the  strongest stable mechani­
cal interaction only with two facets of the pyramid of 
the AFM probe with the  shallowest slope. Moreover, 
considering the inequality of thickness and the sturdi­
ness of the conductive Pt/Ir coating, only one of these 
facets is preferable. As a result, it is necessary to find 
and choose this facet experimentally for each unique 
AFM probe, despite the  expectations that probes are 
manufactured in compliance with the same industrial 
standards. For our investigation, it was possible to re­
veal that the upper­right quadrant of the pyramid indi­
cated the highest local currents. Thus, the correspond­
ing facet of the AFM probe was conceived as the most 
conductive and it has been further utilized to mea sure 
the I–V curves. It must be clarified that I–V measure­
ments were done not via an AFM probe tip’s apex, 

Fig. 2. (a)  Experimental scheme indicating the  geometry of the  contact be­
tween an AFM pyramidal tip and a vertical NW, where the most conductive 
facet is shaded. (b) Equivalent electric circuit for the measured system. Resis­
tances of the substrate, Au cap, probe and probe­cap area are considered negli­
gible, while the resistance of the shunt is considerably high.
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because the contact resistance would be drastically en­
larged for a thin conductive coating of the apex and 
a small surface area of the contact between the AFM 
probe and the NW cap. With this in mind, it becomes 
clear that despite the  observance of the  conduc­
tive regions at distances of tens of nanometres from 
the Au caps (see the upper­right side of the pyramid 
in Fig. 1(e) and the sketch in Fig. 2(a)), the I–V mea­
surements of p­GaAs NWs have been carried out 
solely via their Au caps. Consequently, the  contact 
between the metallized AFM probe and the Au cap 
was ohmic (see an equivalent circuit in Fig. 2(b)).

These issues were taken into account during 
the measurements of I–V curves, with regard to AFM 
controller’s accuracy of measuring the  electrical cur­
rents. The  PeakForce TUNA feedback module allows 
measuring the currents up to 500 nA with a precision 
step as low as 375 fA and an accuracy of <100 fA, which 
is suitable for the measurements of conductivity even for 
NWs with a significantly lower doping level (~1015 cm–3) 
than for our materials. The module is capable to induce 
the electric potential in the range between –10 and 10 V 
with the principal accuracy step of ~0.31 mV.

3. Results

Passivation can be considered stable, because all 
NWs were kept in standard room conditions during 
3 months before C­AFM measurements and were still 
highly conductive. We present the  obtained data on 
I–V curves with a precision of 37.5 pA and 11.7 mV. 
Different regions of Schottky diode characteristics for 
the series of seven samples were observed. In order to 
compare these I–V curves, we collected data for each 
type of passivation on a repeatable basis for 3–7 sepa­
rate NWs from different locations on each sample. 
The  measured NWs had distinctions due to a  small 
variation of diameters in the fabricated NWs, that af­
fected the nominal diameter of the conductive channel, 
i.  e. the effective diameter. I–V curves for NWs with 
different types of passivation are presented in Figs. 3 
and 4 without filtering of the obtained signals.

Let us analyze them on the basis of the model giv­
en by Ellis in [30] and an equivalent electrical circuit 
from Fig. 2(b). The diode law describing the conduc­
tive performance of a Schottky diode is an exponen­
tial relation between the current through the diode I 
and the bias voltage V:

I = I0 ·  (eeV/kT – 1), (1)

where I0 is the  reverse­bias leakage current, the  el­
ementary charge e = 1.6 · 10–19 C, k = 1.23 · 10–23 J/K 
and T is the absolute temperature.

Therefore, it seems beneficial to represent data com­
plementarily in logarithmic scales, revealing the value 
of characteristic threshold voltage, as it is approximate­
ly the  voltage of the  intersection of I–V curves with 
an x axis for samples 6 and 7 in our series. Addition­
ally, it demonstrates the shunting mechanism of nano­
wires with parallel series of a diode and a resistor [30, 
31], where shunting diode’s threshold voltage is high, 
while its corresponding parallel resistance is small. 
Such leakage should lead to a slowly increasing Log(I) 
up to a specific voltage region, where the main diode 
becomes opened causing a linear Log(I) segment, and 
a further part of the curve demonstrates the bending of 
the curve into the linear resistance region. The incline 
of the  latter almost linear region can be recalculated 
into the resistivity of the nanowire at the highest Log(I) 
values in Fig. 4(b) [30].

When the Schottky diode is in the forward mode, 
the  NW does not conduct current until the  for­
ward voltage exceeds a certain value, i. e. the forward 

Fig. 3. Comparison of I–V  curves for p­GaAs NWs 
covered by four studied types of surface passivation. 
I–V curves (coloured online) are given in (a) linear and 
(b) double logarithmic scales for the region of forward 
bias. Sample numbers indicated near the curves are re­
ferred to the samples in + 1.

(a)

(b)
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threshold voltage VT. All the  current visible for 
the  NW in the  region of small potential difference 
is the  leakage current, which is due to the  parasitic 
shunt connection between the Au cap and GaAs ma­
terial. It can reach hundreds of nanoamperes already 
at 0.5  V as it was visible for sample  5, even though 
resistivity of this shunt element is considerably high 
(usually >> 1 MΩ).

Reference sample 1 represents the NW with a no­
ticeable transition from the shunted region to the di­
ode. NWs with nitride passivation have shown an 
increase in the  measured current compared to that 
of the  unpassivated sample. However, the  shown 
I–V curves for sample 4 are representative of a 0.4 μm 
high remainder of the NW without an Au cap. Conse­
quently, a visible Schottky barrier has been caused by 
the metal–semiconductor interface between the con­
duc tive coating of the  AFM and the  upper part of 
the  passivated p­GaAs NW. It is also probable that 
a  negligible tunnelling barrier persists on the  I–V 
curves, although the thickness of the GaN layer respon­
sible for it was approximately one monolayer [25]. 
A  nitride cover layer of passivation cannot grow 
thicker than one monolayer due to the significant lat­
tice mismatch between zinc­blende GaAs and wurtz­
ite GaN. Despite the mentioned changes in NW pa­
rameters, the decrease of NW’s height should result 
only in a change of incline of the I–V curves, but not 
its shape. This consideration leads to the conclusion 
that nitride passivation has moderate performance, 
while its high efficiency is supported by the previous 
results [25].

GaP­passivation on the  surface of GaAs NWs 
caused the  complete absence of a  Schottky barrier, 
so the I–V curves appeared to have an almost linear 
shape for sample 2. This demonstrates the formation 
of the ohmic contact between the Au cap and p­GaAs 

NW. Consequently, the  density of surface states be­
came significantly decreased for the  GaP­passivated 
sample. This record correlates with our previous re­
sults [11] and was reported by other authors [22, 23], 
where an increase of the  measured electric current 
was established compared with that of the  unpas­
sivated sample. Resistivity of the NW can be calcu­
lated from the  region of linear resistance, i.  e. high 
potential in forward bias. For GaP­passivated p­GaAs 
NWs in our study, RNW was ~105 Ω. This value is com­
parable to the  theoretical expectation for resistivity 
R ~ 2 · 105 Ω of a GaAs NW at 300 K evaluated from 
the following formula:

R = L/(e·NA·µ·πr2). (2)

Here height L = 1 μm, elementary charge e = 1.6 · 10–19 C, 
doping level NA = 1019 cm–3, mobility μ = 400 cm2/V·s 
and NW radius r ~ 50 nm.

InP­passivated sample 3 demonstrated a  surpris­
ingly low electric current on the I–V  curves. Direct 
current was measured to be approximately 3 nA under 
the 7 V external bias of both polarities, which is much 
less than that for the unpassivated sample 1. Accord­
ing to these results, a very strong energy barrier was 
observed for InP passivated p­GaAs NWs. It would 
seem that InP increase the amount of surface states 
so that a  passivating layer has a  drastically adverse 
effect. However, photoluminescence spectroscopy 
has shown opposite results for similar samples [22]. 
An assumption that the connection between the AFM 
probe and the Au caps was not properly established 
exactly on InP­passivated NWs has been rejected af­
ter observation of the same effect on multiple separate 
NWs on sample 3 by few fresh AFM probes, which 
were further used to study other types of passivation 
layers by the same protocol, i. e. taking into account 

Fig. 4. Comparison of p­GaAs NWs covered with AlGaAs shell layers for samples 5–7 (coloured online). 
Electrical characteristics are given in (a) linear and (b) semi logarithmic scales for the quadrant with forward 
bias. Two separate NWs are represented for sample 5.

(b)(a)
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equal force, scanning probe’s velocity, voltage range 
etc. These findings require a  detailed investigation 
and modelling.

A highly interesting result has been obtained for 
p­GaAs NWs with AlGaAs passivation, i. e. a  no­
ticeable increase in the  current compared with un­
passivated NWs. It was found that shunt resistance 
can vary among the NWs in one array (see two data 
curves for sample  5 in Fig.  4). This effect can simi­
larly be attributed to the difference in the diameters of 
Au caps. It is also possible to explain the difference in 
the measured characteristics after considering the lo­
cal changes in the  thickness of the passivating layer 
(see Fig. 1(d)). This could lead to fluctuation in sur­
face potentials and affect the height of a Schottky bar­
rier and the effective diameter of a NW. By increas­
ing the thickness of the AlGaAs core, local variations 
tend to align, so only the diode and internal forward 
resistance regions are seen for 30 nm. Further for a 
300 nm thick NW, only the diode and the beginning 
of curvature for linear resistance are visible.

According to the  incline of these segments of 
I–V  curves, nanowires with higher doping have 
shown the  resistance ~102  kΩ (samples  2, 5 or 6), 
compared to the resistance ~4 · 102 kΩ measured for 
a low doped sample 7. To verify that the observed seg­
ments are corresponding to the mentioned regions of 
the Schottky diode curve, we can consider the dop­
ing levels of these NWs. After the calculations, it be­
comes clear that the experimentally evaluated resist­
ance corresponds well with the values expected from 
Eq. (2), i. e. ~2 · 102 kΩ (1019 cm–3) and ~4 · 102 kΩ 
(0.5 · 1019 cm–3). Moreover, the difference in the resist­
ance for samples 2, 5 or 6 and sample 7 is comparable 
with the  difference of doping levels by the  order of 
values. Furthermore, an increase in the  thickness of 
the AlGaAs passivating layer shifted the characteris­
tic forward the threshold voltage for NWs, which is 
seen from Fig.  4(a). The  characteristic VT is ~0.2  V 
for NW with a 30 nm thick passivating layer, while 
it increases up to ~2.4  V for the  NW covered with 
a 300 nm ultra­thick AlGaAs shell.

4. Discussion

Comparison of the studied passivation types reveals 
that GaP surface passivation is the most effective to 
eliminate the Schottky barrier input in GaAs NWs. 
We have observed that no barriers exist in the  I–V 
curves on nanowires covered already by an ultrathin 
GaP layer. It can be suggested that GaP passivated 
NWs have a shunt, although it is not correct. Indeed, 
previously we have studied the  properties of NWs 
with a similar geometry, passivating layer and doping 

level, but with n­type doping on p+­GaAs, i.  e. pn­
junction, combined with a Schottky barrier [11]. In 
the case of shunting, it would represent an ohmic­like 
curve or a Schottky­like curve, while linear resistance 
should remain similar. We have not observed any 
shunted NWs for that series, because all of the NWs 
represented the  characteristic pn­junction shape of 
the I–V curves. Since these two discussed systems are 
similar, we conclude that the series of GaP­passivated 
NWs studied in a recent paper did not have shunts. 
Similar results for high performance of GaP­passi­
vated GaAs NWs are reinforced by results from other 
methods [22, 23], including comprehensive theoreti­
cal interpretation [6]. A reduced Fermi­level pinning 
was previously suggested as a  possible explanation 
for lowering of Schottky barriers at metal­catalyst/
NW interfaces. Authors explained the barrier lower­
ing by a reduced density of pinning states combined 
with a formation of an electric dipole layer [6]. For­
tunately, here this effect has been recorded experi­
mentally by the contact AFM technique, so that we 
could generalize the I–V curves to represent them in 
the  log­scale and later qualitatively verify the  resis­
tivity of the p­GaAs NWs.

The difference in the adhesion of AlGaAs­passiva­
tion to a GaAs zinc­blende crystal might be consid­
ered and compared with other passivating materials. 
Taking into account the  negligible lattice mismatch 
between GaAs and a thin layer of AlGaAs, it was pos­
sibly easier for AlGaAs passivation to cover the side­
walls. Referring to Fig. 1(d), such a hexagonal profile 
was observed only for 10 nm thick AlGaAs NWs by 
SEM, while other NWs in this study seemed consid­
erably closer to a cone­shape rather than a shape re­
sembling a  hexagonal frustrum. Moreover, such re­
semblance in the properties of passivation and NW 
could result in acceleration of the  VLS mechanism 
during the vapour source flow, so AlGaAs could par­
tially crystallize between the  Au cap and the  GaAs 
NW, creating an additional tunnelling barrier.

It is possible to suggest that the assumption about 
the VLS mechanism is valid not only in the AlGaAs 
case but also for InP­passivation. In this architec­
ture, the Schottky barrier can be shadowed by even 
stronger tunnelling barrier. However, the  thickness 
of this possible layer was close to that of a monolay­
er. The  heterojunction could result in decreasing of 
current, but this heterostructure should have a  spe­
cific threshold voltage, while it was not observed in 
the voltage scan range from –7 to +7 V.

For GaN NWs, it is possible to quantify that 
the  current increased ~6 times, while the  NW be­
came 2.5 times shorter. A thin layer of GaN on the top 
of the NW between the AFM probe and GaAs NW 
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could result in a negligible tunnel barrier, which can 
hardly be visualized by our technique.

Summarizing these ideas about passivation, it ap­
pears that different types of surface passivation can be 
used to change the properties of the desired NW. De­
crease of the Schottky barrier between the Au cap and 
the  semiconductor nanowire can be observed and 
evaluated by intersection of the logarithm of DC with 
the axis of applied potential bias. Simultaneously, the 
incline of the logarithmic curve at the region of serial 
resistance, which emerges after the  linear diode re­
gion, is responsible for the resistivity of the nanowire. 
All these valuable data can be acquired with a proper 
operational protocol in room conditions with a single 
device, viz. a  scanning probe station equipped with 
the facility to measure the direct electric current.

It should be noted here that photo lu mines­
cence (PL) studies made earlier on similar InP­doped 
materials did not reveal undesirable effects of InP 
passivation on the GaAs NWs [22]. Thus, it seems in­
teresting to highlight the advantage of the  scanning 
probe method, due to its ability to verify the conduc­
tive properties and the existence of the Schottky junc­
tion in the nanowire by a clear repeatable and gentle 
physical contact. AFM can be used to qualify multiple 
individual structures during only a few­minute study 
[32]. The C­AFM PFTuna module can be successfully 
used for the measurements of significantly low cur­
rents as in our work.

Furthermore, we consider the  essential benefit 
of such AFM technique due to the concept that this 
meth od can be developed to carry out the studies of 
desired nanowires in the  programmed automated 
basis already in the nearest perspective [33]. Several 
works [15, 34, 35] appeared concerning (a) visuali­
zation of a  scanning probe during conductive mea­
surements, (b) in  situ adjustments or the  so­called 
image pattern recognition techniques, and (c) multi­
ple probe operation by a scanning probe station. They 
can be further combined into a  fast comprehensive 
tool to study separate nanowires by precise contact 
measurements on AFM.

Summarizing these reports about the method, fur­
ther advances in AFM techniques are possible. Estab­
lishing of comprehensive parameters of the  contact 
between an AFM probe and a vertical NW is still nec­
essary. Specific features of I–V curves related to a single 
individual NW can help one to confine the fabrication 
procedures and technological quality of semiconduc­
tor nanowires for novel solar cells, diodes and photo­
detectors, among other applications, on a  developed 
and fast basis. We have proven the possibility of carry­
ing such research on fragile vertical NWs by means of 
a standard device in room conditions.

5. Conclusions

In conclusion, adjustments of the electric parameters 
of nanowire­based devices become possible by im­
plementation of a  particular passivation layer on 
their surface and a  proper level of doping. GaP has 
been found to be the most effective passivating agent 
for GaAs nanowires. While doping itself increases 
the amount of charge carriers and decreases the resis­
tivity of the structure, passivation can be used to elim­
inate the  Schottky barrier and therefore to increase 
the conductivity at the region near the zero external 
bias. Both these factors enhance the current through 
the nanowire, which can be observed by conductive 
AFM on individual nanostructures. The  region of 
shunting resistance and internal forward resistance 
of the nanowires can be distinguished with the corre­
sponding forward threshold voltages. Such developed 
procedure is proposed to be utilized at the  design 
control stage to enhance the  properties of recently 
emerging nanodevices.
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