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Coaxially periodic ZnO/ZnMgO core-multishell nanowire (NW) heterostructures were grown via a

metal organic chemical vapor deposition method. We investigated their electrical properties via the

application of two locally resolved electrical scanning probe microscopy techniques, i.e., scanning

capacitance microscopy (SCM) and scanning spreading resistance microscopy (SSRM), following

a planarization process. As a result, ZnO and ZnMgO layers can be unambiguously distinguished

by both techniques on NWs with diameters <1 lm and the smallest layer thickness of 10 nm, where

a higher free carrier concentration along with a low resistivity is revealed for the ZnO regions in

comparison to ZnMgO portions, as expected. This work demonstrates the high capability of SCM/

SSRM as supplementary and effective tools for probing local electrical properties within functional

complex quasi-1D heterostructures. Published by AIP Publishing.
https://doi.org/10.1063/1.5054685

One-dimensional (1D) semiconductor nanowire (NW)

heterostructures have been considered as ideal functional

components for future-generation electronics and optoelec-

tronics.1–3 Two types of NW quantum structures are possi-

ble, depending on the composition or structure modulation

along either the axial or the radical direction of the NW. For

the latter, coaxial NW heterostructures are constructed by

growing subsequent uniform and homogeneous layers over

the side walls of previous ones, giving rise to quantum con-

finement effects that make light-emission enhancement and

its wavelength tunability possible.4,5 To achieve the practical

application of these structures, it is of great importance to

understand their electrical properties in at least two dimen-

sions. Although the electrical properties of bulk materials

and thin films can readily be evaluated by traditional techni-

ques such as four-probe measurement, Hall measurement,

and capacitance-voltage (C-V) measurement, the characteri-

zation of NWs has been hampered by their small feature

sizes incorporated with complex three-dimensional (3D)

nanostructures and thus has been regularly relying on the

evaluation of the final device, exampled by field effect tran-

sistors (FETs) made from individual NWs. This strategy not

only involves a complicated lithography patterning process

but also struggles to satisfy the requirement of two dimen-

sional (2D) characterization with high spatial resolution, for

instance, in core-shell or core-multishell structured NWs.6,7

Until now, efforts have been dedicated to the development of

techniques that have access to local electronic characteristics

of modern nanoelectronic integrated circuits (ICs) and

unprecedented sophisticated nanostructures.8–11 Particularly,

in the past few decades, scanning capacitance microscopy

(SCM) and scanning spreading resistance microscopy (SSRM)

have proved powerful for 2D electrical imaging in semicon-

ductors with a nanometer-scale spatial resolution.12–14

Previously, we have demonstrated their exploitation in charac-

terizing the local electrical properties of ZnO and ZnO-based

NW structures.15–17 To go further, in this work, we investigate

the first application of the two techniques to electronically

resolving ZnO/ZnMgO stacking in core-multishell hetero-

structures, which have attracted extensive research interest for

their potential applications in electronic and optoelectronic

fields.2,18–20 It turns out that both techniques can clearly differ

the two types of layers inside six-layered coaxial NWs with

diameters <1 lm, demonstrating their potential as supplemen-

tary and effective tools for accessing the relevant properties of

sophisticated quasi-1D heterostructures.

SEM images of the studied NW samples are shown in

Figs. 1(a) and 1(b). The core/multishell structures were

grown on a c-plane ZnO substrate by MOCVD and consist

FIG. 1. (a) and (b) SEM images of the metal organic chemical vapor deposi-

tion (MOCVD)-grown ZnO/ZnMgO multishell NWs before (a) and after (b)

the planarization process. (c) Illustration of the ZnO-based co-axial core-

multishell NW structure. (d) Band diagram of the multilayer structure.
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of 5 layers epitaxially grown on the core ZnO NWs, forming

a 3-period ZnO/ZnMgO coaxial structure, as illustrated in

Fig. 1(c). For the initial core ZnO NWs, diethylzinc (DEZn)

and nitrous oxide (N2O) were used as Zn and oxygen precur-

sors, respectively, and the reactor pressure was maintained at

50 Torr. The NWs spontaneously grew at 850 �C without any

catalyst assistance which have heights of �9 lm and typical

diameters less than 200 nm.21 Subsequently, ZnO and

Zn1-xMgxO (x¼ 0.13) surrounding shells were synthesized

still using DEZn but a different oxygen source of O2, a lower

reaction temperature of 450–500 �C, and a total reactor pres-

sure of 30 Torr. Bismethylcyclopentadienyl-magnesium

(MCp)2Mg was chosen as the Mg precursor. These condi-

tions allow a quasi-conformal coating over the entire NW.

For the entire process, helium was used as carrier gas. It is

known that ZnMgO has a wider bandgap in comparison to

ZnO, both materials being n-type. For a ZnO/ZnMgO hetero-

structure, due to the band offsets, ZnMgO layers may act as

barriers, while ZnO layers create quantum wells [Fig. 1(d)].

A transfer of electrons from ZnMgO to ZnO is expected to

occur near the interface of the two materials, resulting in

an accumulation in ZnO and the consequent depletion in

ZnMgO.

The as-grown vertical NWs are not suitable for the

SCM/SSRM scan, which usually requires a flat and smooth

surface of the sample. Therefore, a planarization process was

conducted. First, the sample was dip-coated with a standard

silica sol-gel to embed and consolidate the NWs. Then,

chemical-mechanical polishing (CMP) was performed by

using a colloidal suspension containing 50 nm-diameter sil-

ica nanoparticles to expose the NWs for the SCM/SSRM

scan from the top. The unwanted silica nanoparticles remain-

ing on the sample surface were removed using a cotton swab

under running deionized water in combination with an ultra-

sonic process. Backside contacts were realized by large area

silver paint on the ZnO substrate. All the measurements were

carried out in the ambient atmosphere using a scanning probe

microscope (Digital Instruments Dimension 3100) with

SCM/SSRM modules. Pt/Ir coated and conductive diamond

(boron doped) coated Si tips were used for SCM and SSRM,

respectively.

In SCM, a metal-insulator-semiconductor (MIS) struc-

ture is formed between the metal-coated tip and the sample.

Its capacitance variation (dC/dV) is induced by applying an

alternating voltage (Vac) at tens of kilohertz frequency and

can be detected using an ultra-high frequency (�1 GHz)

capacitance sensor combined with a lock-in amplifier.12 In

principle, the amplitude of the dC/dV signal is directly

related to the carrier concentration in that a material with a

lower carrier density depletes more easily and gives rise to a

larger dC/dV amplitude. Simultaneously, the phase of dC/dV

contains carrier type information since electrons and holes

respond in opposite ways to the modulating voltage.22

Typical SCM results are presented in Fig. 2. The topo-

graphical AFM image of the 3 lm � 1 lm scanned area is

given in Fig. 2(a). The NWs and their multi-shell structure

show distinguishable topology contrast, which is likely a

consequence of the difference in selectivity of different

materials in the CMP process. Despite this phenomenon, the

height variation on the analyzed NW (with a diameter of

�860 nm) is less than 1 nm. The SCM data image was

recorded at Vdc ¼ �1 V and Vac ¼ 1 V for optimal contrast

and is shown in Fig. 2(b). Apparently, the expected hexago-

nal shape for each NW is clearly observed. Furthermore, the

ZnO/ZnMgO core-multishell structure within the NWs is

well detected as a result of the difference in the material

composition. An averaged dC/dV amplitude profile of the

indicated rectangle is shown in Fig. 2(d). It is noticed that

the ZnMgO layers give rise to dC/dV peaks, whereas dC/dV

for the two ZnO shell layers dips, indicating relatively

low and high local carrier densities for the ZnMgO and

ZnO layers, respectively. This is consistent with previous

works reporting that the increase in the Mg content in the

Zn1-xMgxO alloy can cause a decrease in the net electron

concentration of the film.23 Additionally, the SiO2 matrix

produces negligible SCM data amplitude due to the absence

of free carriers. SCM characterization is known to be sensi-

tive to the topographical variation. The large height change

in the sample surface tends to result in varying contact areas

of the tip with the sample, thus affecting the measured capac-

itance variation in an unwanted fashion.24 For our sample,

after the polishing process, the roughness of the measured

FIG. 2. Typical SCM result on a ZnO/ZnMgO core-multishell NW. (a)

Topography AFM image. (b) SCM data amplitude image showing clear con-

trast between ZnO and ZnMgO regions within the NW. (c) SCM data phase

image exhibiting no difference between ZnO and ZnMgO, indicating their

identical conduction type. (d) Averaged dC/dV amplitude profile of the red

rectangle indicated in (b), showing ZnO giving rise to smaller SCM data

amplitude due to its relatively high carrier concentration in comparison to

ZnMgO. Vdc ¼ �1 V and Vac ¼ 1 V of 50 kHz were used for the measure-

ment scan. The scale bar in (a) is 0.5 lm. The scanned area is 3 lm � 1 lm.

222103-2 Wang et al. Appl. Phys. Lett. 113, 222103 (2018)



area is very small with the height variation less than 1 nm,

which is well acceptable for reliable SCM characterization.

Besides, we noted that the SCM signal contrast between dif-

ferent regions can be reversed by tuning Vdc, which further

helped us conclude that the obtained SCM is genuinely

related to the local electrical properties of the sample rather

than the height variation effect. It should be mentioned that

the investigated NW exhibits a larger shell layer thickness

than expected. This is likely a result of the non-uniformity

during the growth of NWs and their shells, which, in turn,

indicates the potential of SCM to investigate the structural

quality of grown shell layers on NWs. The dC/dV phase

image [Fig. 2(c)] shows no large difference between ZnO

and ZnMgO, indicating the entire NW being of n-type con-

ductivity, as expected for unintentionally doped ZnO and

ZnMgO.

We next show the SSRM investigation on the sample. In

SSRM, by applying a direct voltage (Vdc) on the tip/sample

system, the electrical resistance is measured which consists

of different components including the local spreading resis-

tance of interest Rs, the barrier resistance between the tip and

the sample Rbarrier, the bulk resistance of the sample Rbulk,

and the resistance of the tip Rtip. In the ideal case, the total

resistance is dominated by the local spreading resistance of

the sample underneath the tip, thus enabling SSRM for 2D

resistivity/carrier profiling.25 In practice, a stable electrical

contact between the tip and the sample is critical to achiev-

ing reliable resistance recording, which is usually imple-

mented by applying a relatively large contact-force of the

AFM tip on the sample.26 In the case of silicon, a force larger

than 15 lN is needed for the probe to penetrate the native

oxide layer on top of the silicon surface.25 Nevertheless, we

found that a much lower force is enough for ZnO to obtain

stable results of SSRM owing to its relative softness (Mohs

hardness: 4.5 for ZnO versus 7 for silicon) and the absence

of the insulating top layer. Figure 3 shows a group of I–V
characteristics under various tip forces on a ZnO substrate

with a carrier concentration of �5� 1016 cm�3. Note that the

voltage was applied on the sample while the tip was

grounded. As is observed, the tip-ZnO exhibits Schottky con-

tact characteristics for relatively low tip forces. As the tip

force increases, the current increases as well. After reaching

a threshold point, the tip-ZnO contact becomes near-Ohmic,

which can be attributed to possible ZnO phase transforma-

tion and created defect states.27 However, for our measure-

ment on the NWs, we noticed that a force higher than 4 lN

already scratches violently the sample surface, hindering the

acquisition of an image with acceptable spatial resolution

and noise level. Therefore, a trade-off between the tip force

and tip-ZnO characteristics was sought, and ultimately, we

used a tip force of 1.5 lN for measurements on the NWs.

For SSRM characterization on the NWs, it is worth

pointing out that a flat surface is important for a reliable

SSRM scan because severe height variations can result in

significant shearing force of the tip on the sample, conse-

quently rendering the measured resistance determined not by

the sample region underneath the tip. For this reason, in our

SSRM measurement, the investigated NW was selected with

negligible surface roughness similar to that in SCM. We

remind that the NW is not the same as in the SCM measure-

ment because it was difficult to locate the identical NW in

SCM after changing the tip for SSRM characterization. The

typical SSRM result is reported in Fig. 4. Unsurprisingly, the

NWs are unambiguously detected in SSRM resistance scans,

revealing the distinction between the local electrical proper-

ties of different layers. Furthermore, through a comparison

of the SSRM image with previous SCM images, a difference

in spatial resolution is noticed with SSRM delivering a supe-

rior resolution. This occurs, despite the larger tip radius (typi-

cally �100 nm) in SSRM than in SCM (typically 20–30 nm),

because the spatial resolution in SSRM imaging is primarily

FIG. 3. Current-voltage characteristics of a tip/ZnO system by applying var-

ious tip forces on the bulk ZnO with a carrier concentration (n-type) of

�5� 1016 cm�3. With the increasing tip force, there is an evolution from the

Schottky behavior to near-ohmic behavior for the tip/ZnO contact. Voltage

is applied to ZnO.

FIG. 4. SSRM result on the ZnO/ZnMgO core-multishell NW sample. (a)

Topography image. (b) Corresponding SSRM resistance image. (c) SSRM

resistance profile along the white arrowed line in (b), revealing relatively

low resistance corresponding to ZnO regions and high resistance for

ZnMgO. The scale bar is 1 lm. The scanned area is 6 lm� 1.3 lm. Vbias

¼�2 V and a tip force of �1.5 lN were used.
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determined by the effective radius of the tip-sample contact,

which can be significantly smaller than that of the tip,

whereas the spatial resolution of SCM depends determinedly

on the entire volume of the depletion region in response to

the modulating voltage, which can far exceed the dimension

of the tip.24,26 A profile of SSRM resistance along the line

across a NW in Fig. 4(b) is plotted in Fig. 4(c). It is seen that

the ZnO core and the ZnO shell layers (<40 nm) are detected

with relatively low measured resistances during the scan in

contrast to the ZnMgO layers. Here, considering the quasi-

1D geometry structure of the characterized NW, the body of

the NW is likely to contribute a larger portion of the total

resistance and deserves a detailed discussion. For this purpose,

the resistance of a uniformly doped NW can be expressed by

RNW¼qh/s¼ 4h/pnqld2. Then, assuming a NW with a height

of h¼ 10 lm, a doping level of n¼ 1016 cm�3, a carrier

mobility of l ¼ 50 cm2/V s, and a diameter of d¼ 300 nm, its

resistance is evaluated to be �7� 107 X. This value should

represent an upper limit of the resistance of the characterized

NW and is more than two orders of magnitude smaller than

the measured total SSRM resistance. Therefore, despite the

quasi-1D dimension, the body resistance of the NW is still

negligible in this work. Regarding the measured resistances,

which is almost one order higher for ZnMgO than for ZnO,

on the one hand, this is consistent with the analyzed result

from SCM and can partly be ascribed to the higher carrier

concentration in ZnO. On the other hand, it was shown that

the incorporation of Mg in ZnO can result in a pronounced

reduction of the electron mobility for the film, likely due to

Mg-related impurity scattering.28 Therefore, the relatively

high resistance corresponding to ZnMgO layers in contrast

to ZnO can be attributed to both its low carrier density and

its reduced carrier mobility. Ideally, the carrier concentration

and the local resistivity (determined by carrier density and

carrier mobility) of a sample can be obtained from SCM and

SSRM characterization, respectively, thereby enabling the

access to carrier mobility by the combination of the two

techniques. For example, this strategy has been used to

investigate carrier motilities in SiGe quantum wells and that

of the Al implanted layer in 4H-SiC.29,30 However, to

achieve reliable quantitative results, it is required that the

measured signal (dC/dV amplitude in SCM and resistance in

SSRM) be essentially determined by the very local property

of the sample. We noticed that in Ref. 29, the quantum wells

have a high doping concentration above 1018 cm�3, and the

sample was scanned on the angle beveled surface with a

magnification factor of 200. Similarly, in Ref. 30, the region

of interest has a width of >700 nm and the measurement was

performed on the angle beveled surface of the sample. Under

these circumstances, it is reasonable to derive the resistivity

of the sample through the calibration curve approach.

However, the case is different in this work, considering the

thinness of the grown layers and the absence of a beveled

surface. For instance, the resistance measured in SSRM at a

particular position on the sample is not exclusively deter-

mined by the carrier density at this position but by the entire

surrounding carrier profile.31 Therefore, it was relatively dif-

ficult to perform quantitative analysis on the carrier mobility.

We believe that reliable analysis on this issue will require

more studies on the properties of tip/ZnO and tip/ZnMgO

contacts, as well as a deconvolution process by considering

the lateral difference in the carrier concentration.

In summary, we have performed electrical scanning

probe microscopy as SCM and SSRM to resolve 3-period

ZnO/ZnMgO heterostructures embedded in a core/shell

configuration. Owing to the electrical properties of ZnO

and ZnMgO differing from each other, distinct contrast can

be obtained in both SCM and SSRM measurements, reveal-

ing sensitively a higher carrier density and a lower resis-

tance relating to ZnO compared with neighboring ZnMgO,

respectively. By demonstrating 2D electrical imaging of

core/shell nano-heterostructures with nanometer scale reso-

lution using SCM and SSRM, this work opens up possibili-

ties for accessing electronic characteristics of NW-based

semiconducting materials, which is likely to benefit the

optimization of fabrication processes towards their ultimate

applications.
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