
Resistance and dopant profiling along freestanding GaAs nanowires
Stefan Korte, Matthias Steidl, Werner Prost, Vasily Cherepanov, Bert Voigtländer, Weihong Zhao, Peter

Kleinschmidt, and Thomas Hannappel 

 
Citation: Applied Physics Letters 103, 143104 (2013); doi: 10.1063/1.4823547 
View online: http://dx.doi.org/10.1063/1.4823547 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/103/14?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Polarity driven simultaneous growth of free-standing and lateral GaAsP epitaxial nanowires on GaAs (001)
substrate 
Appl. Phys. Lett. 103, 223104 (2013); 10.1063/1.4834377 
 
High-amplitude dynamics of nanoelectromechanical systems fabricated on the basis of GaAs/AlGaAs
heterostructures 
Appl. Phys. Lett. 103, 131905 (2013); 10.1063/1.4821920 
 
Scanning tunneling microscopy with InAs nanowire tips 
Appl. Phys. Lett. 101, 243101 (2012); 10.1063/1.4769450 
 
Size, composition, and doping effects on In(Ga)As nanowire/Si tunnel diodes probed by conductive atomic force
microscopy 
Appl. Phys. Lett. 101, 233102 (2012); 10.1063/1.4768001 
 
Incorporation of the dopants Si and Be into GaAs nanowires 
Appl. Phys. Lett. 96, 193104 (2010); 10.1063/1.3428358 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

134.94.122.242 On: Tue, 06 May 2014 05:23:10

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1018974610/x01/AIP-PT/Asylum_APLArticleDL_043014/Asylum-Research-MFP3D-Infinity-APL-JAD.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Stefan+Korte&option1=author
http://scitation.aip.org/search?value1=Matthias+Steidl&option1=author
http://scitation.aip.org/search?value1=Werner+Prost&option1=author
http://scitation.aip.org/search?value1=Vasily+Cherepanov&option1=author
http://scitation.aip.org/search?value1=Bert+Voigtl�nder&option1=author
http://scitation.aip.org/search?value1=Weihong+Zhao&option1=author
http://scitation.aip.org/search?value1=Peter+Kleinschmidt&option1=author
http://scitation.aip.org/search?value1=Peter+Kleinschmidt&option1=author
http://scitation.aip.org/search?value1=Thomas+Hannappel&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4823547
http://scitation.aip.org/content/aip/journal/apl/103/14?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/22/10.1063/1.4834377?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/22/10.1063/1.4834377?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/13/10.1063/1.4821920?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/13/10.1063/1.4821920?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/24/10.1063/1.4769450?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/23/10.1063/1.4768001?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/101/23/10.1063/1.4768001?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/96/19/10.1063/1.3428358?ver=pdfcov


Resistance and dopant profiling along freestanding GaAs nanowires

Stefan Korte,1 Matthias Steidl,2 Werner Prost,3 Vasily Cherepanov,1 Bert Voigtl€ander,1

Weihong Zhao,2 Peter Kleinschmidt,2 and Thomas Hannappel2
1Peter Gr€unberg Institut (PGI-3) and JARA-Fundamentals of Future Information Technology,
Forschungszentrum J€ulich, 52425 J€ulich, Germany
2Photovoltaics Group, Institute for Physics, Technische Universit€at Ilmenau, 98684 Ilmenau, Germany
3CeNIDE and Center for Semiconductor Technology and Optoelectronics, University of Duisburg-Essen,
47057 Duisburg, Germany

(Received 15 July 2013; accepted 13 September 2013; published online 30 September 2013)

Resistance profiles along as-grown GaAs nanowires were measured with a multi-tip scanning

tunneling microscope used as a nanoprober. The nanowires were grown in the vapor-liquid-solid

growth mode in a two-temperature-step mode and doped with Zn. Using a transport model, the

resistance profile was converted to a dopant profile. The dopant distribution along the nanowires

was found to correlate with the temperature during different phases of nanowire growth. The

nanowire base grown at higher temperature exhibits a decreased dopant concentration.

Mechanical stress by intentional bending of a nanowire was shown not to influence nanowire

conductance. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823547]

III–V nanowires (NWs) could form the basis of future

nanoscale electronic and optoelectronic devices. Their spe-

cific one-dimensional NW geometry enables new device

concepts allowing, i.e., all-around gate control in FETs,1 res-

onant light trapping in solar cells,2 or new radial structures

allowing for ultra-high efficiencies, even with low minority

carrier diffusion lengths.3 For the fabrication of novel high

performance NW devices a precise control of doping density

and doping profile is indispensable. However, a precise dop-

ing control is often difficult to obtain.4 For instance, the

growth of NWs can require procedures such as two-step

growth, using first high temperature to initiate straight, epi-

taxial growth, and subsequently lower temperature to obtain

untapered wires without twin defects.5 This two step growth

process with varying temperatures is expected to influence

dopant incorporation into the NWs strongly. Moreover, the

determination of the local resistivity and transport data in

NWs is difficult to obtain due to the nanoscaled one-

dimensional geometry. In most cases of previous measure-

ments the NWs were detached from the surface and specific

test devices based on ultra-high precision lithography, such

as FETs,6,7 transmission lines,4 or even Hall patterns,8 were

fabricated. Alternatively, nanoprobers and multi-tip scanning

tunneling microscopes (STM) can be used to investigate the

resistance along a single NW, because they allow flexible

placement of up to four contacts on a single NW, as done,

e.g., on flat-lying SnO2 NWs placed on SiO2.9 To better

explore NW functionality for future devices it is advanta-

geous to measure the electrical properties on free-standing

NWs directly while they are still attached to the substrate.

This approach was followed with two point measurements10

as well as four probe measurements.11 However, no resist-

ance profiling was performed in these measurements.

In this work we use a multi tip STM as nanoprober to

contact as-grown, freestanding NWs, as shown in Figs. 1(a)

and 1(b). This enabled us to measure a continuous resistance

profile and, subsequently, to obtain the dopant profile along

the length of a wire using resistance model calculations.12

GaAs NWs with diameters between 50 and 150 nm had pre-

viously been found to bend elastically up to a strain limit of

10%–11%.13,14 So we were able to use a nanoprobe tip to

bend a freestanding NW and measure its resistance in the

presence of mechanical stress.

GaAs NWs as the ones shown in Fig. 1(a) were grown on

n-type GaP(111)B substrates by metal-organic vapor phase

epitaxy (MOVPE) in an AIX200 RF system with an entirely

non-gaseous source configuration.12 As growth seeds mono-

disperse Au-particles with a diameter of 100 nm were depos-

ited from a colloidal solution. Prior to the NW growth two

steps were carried out. First, the substrate was annealed at

600 �C for 10 min under group V overpressure provided by

tertiary butyl phosphine (TBP) in order to clean the substrate

and to generate an eutectic melt by diffusion of Ga into the

Au-particles. Next, the temperature was reduced to 450 �C
and diethyl zinc (DEZn) was offered for 4 min in order to pre-

saturate the Au-particle with Zn. The subsequent NW growth

FIG. 1. (a) SEM image of a freestanding GaAs NW contacted with three

tips. The sample is tilted by 45�. (b) Schematic diagram including the wiring

for four point resistance measurements on the NW. A typical two point I–V

measurement is shown in (c), as well as four point I–V-curves taken with tip

3 (d) close to tip 2 and (e) close to the NW base.
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was carried out with trimethyl gallium (TMGa) and tertiary

butyl arsine (TBAs) at a V/III ratio of 2.5 in two temperature

steps.5 The DEZn flow was kept constant resulting in a dopant

to TMGa (II/III ratio) of 0.002. Initially the temperature was

set to 450 �C for 3 min, permitting the beginning of the

growth of straight, vertically aligned NWs. To reduce tapering

and enhance the crystallographic quality of the NWs, the tem-

perature was then lowered to 400 �C, and growth took place

for another 30 min. During the whole process the total pres-

sure was 50 millibars with a total gas flow of 3.4 l/min, which

was provided by N2 as the main carrier gas, while H2 was

used for the sources. The average length of our NWs grown

this way was l � 8:2 lm, their diameter 2r � 125 nm in the

450 �C region, and their diameter along the 400 �C regime

was reaching from 2r � 115 nm at the bottom to 95 nm below

the Au-droplet, determined by high resolution SEM. This cor-

responds to a tapering of Dr=Dl < 0:2%.

A home-built coaxial beetle-type multitip STM15 in

combination with an SEM column was used to conduct four

point electrical measurements on the as-grown NWs. The

sample was mounted with a 45� tilt, so that the NWs could

be observed by SEM and three electrochemically etched

tungsten tips could be brought into contact with the same

NW. Figs. 1(a) and 1(b) show a NW contacted by three tips.

The n-GaP substrate is used as additional fourth contact to

the NW allowing for four-point electrical measurements to

evaluate the conductance of the NW without the influence of

contact resistances. Tip 1 contacted a NW at the Au seed par-

ticle on top, in order to inject and measure the electrical cur-

rent I through the NW into the sample. Due to the p-n
junction between the p-doped NW and the n-doped substrate,

a measurable current flows in forward direction, only (Fig.

1(c)). Typically, a current up to 1 lA was employed, because

significantly higher currents resulted in melting the NWs.

During the four point measurements tips 2 and 3 contacted

the NW along its length and measured the potentials V2 and

V3 and thus the voltage drop V23¼V2–V3 that occurred in

between the contact points along the NW (Figs. 1(b) and

2(a)). From the slope of the resulting I versus V23 curves, the

resistance R23 of the NW segment between the voltage probe

tips was calculated by a linear fit, excluding any influence of

contact resistances between tips and NW. The contact resist-

ance for tip 1 contacting the Au particle was usually in the

range of a few kX, those of tips 2 and 3 varied and could be

up to some 100 MX.

In order to obtain a resistance profile along a NW as

shown in Fig. 2(b) (black points), the position of tip 3 was

moved along the NW in between different resistance meas-

urements, while tip 2 was always kept at the same position

near the top of the NW. Other NWs from the same prepara-

tion showed similar profiles. Most of the NW length shows a

linear resistance increase of 12 kX/lm, corresponding to a

constant resistivity, in good agreement with the results

obtained on lithographically contacted GaAs NWs with simi-

lar composition.12 However, due to the high spatial resolu-

tion of our method we observed a previously undetected

sharp rise of the resistivity, to a linear resistance increase of

20 MX/lm at the NW base, where the temperature during

NW growth was higher (Fig. 2(a)). This part of the resistance

profile is shown with a logarithmic scale for better visibility

in Fig. 2(b). This part of the NWs is not easily accessible by

lithographic contact methods, while the nanoprober allows

four point measurements at the NW base down to distances

from the substrate corresponding to the tip radius, which can

be 50 nm or smaller. The increased resistivity at the base

may dominate future NW devices contacted via a conductive

substrate and deserves additional investigation. While the

NWs exhibited linear I(V23) characteristics along most of

their length (Fig. 1(d)), these curves showed increasingly

nonlinear characteristics when tip 3 approaches the NW base

(Fig. 1(e)). We attribute this to Joule heating due to the

higher resistivity in this NW part. In this case the fit range to

obtain the NW resistance was reduced to the linear part of

the I(V23) curves at low current (e.g., up to 30 mV for the

curve shown in Fig. 1(e)). Up to eight I(V23) curves were

evaluated for each position to assess the spread of the resist-

ance measurements, ranging from 1% to 11%, depending on

the contact conditions. The tip position determination using

SEM was estimated to have an accuracy of 6140nm.

The measured variation of the resistance profile along

the NW is attributed to a variation of dopant density NA

along the wire.4,12 As we are not able to evaluate the radial

distribution of the dopant density, the model is restricted to

an average density across the NW diameter. This assumption

neglects a possible radial distribution due to a vapor-liquid-

solid growth based doping mechanism in the core and due to

the different layered growth based mechanism for the

tapered shell. Especially the latter aspect may play an impor-

tant role in case of highly tapered NWs which are avoided in

this work. In the following the measured resistance profile is

described using a transport model which takes the geometri-

cal data into account (radius r(l) along the NW, and the con-

tact positions l2 and l3 of tips 2 and 3). Also the GaAs

surface depletion length dspc caused by a surface potential of

us ¼ 0:5 V, and a doping density dependent mobility lðNAÞ
are included.12 This model results in a resistance R23 as

FIG. 2. (a) Schematic illustration of a four point measurement on a NW per-

formed in order to obtain the resistance of the NW segment between tip 2

and tip 3. Also the growth temperature for different parts of the NW is given.

(b) The resistance profile of a GaAs NW from top to base (black points), as

well as the modeled resistance profile (red line) and the dopant concentration

(blue line, right axis) used to model the data. Above the dashed line the re-

sistance scale is logarithmic in order to display the resistance profile of the

NW base properly. The resistance increases linear in this region.

143104-2 Korte et al. Appl. Phys. Lett. 103, 143104 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

134.94.122.242 On: Tue, 06 May 2014 05:23:10



R23 ¼
ðl3

l2

1

qNAðlÞ � lðNAðlÞÞ
� dl

pðrðlÞ � dspcðNAðlÞÞÞ2
: (1)

Since the resistance R23 increases almost linearly both in

the NW part between 6.5 lm and 2.5 lm grown at 400 �C and

also in the base (1.2 lm to 0 lm, grown at 450 �C), we

assume a constant dopant concentration in both regions (Fig.

2(b), blue line). Fitting the model data (Eq. (1)) within the

NW part grown at 450 �C yields a dopant concentration of

NA;450
�

C ¼ 2� 1017 cm�3. For the 400 �C region, one obtains

a good fit for NA;400
�

C ¼ 8� 1018 cm�3. The low Zn-

incorporation at 450 �C can be explained by an improved py-

rolysis yield of TMGa compared to 400 �C. While DEZn al-

ready completely pyrolizes at 400 �C,16 around 5% of TMGa

decompose at 400 �C and 30% at 450 �C.17 Thus, the effec-

tive II/III ratio is expected to be much higher at 400 �C than

at 450 �C. The resistance profile is not linear in the region of

the NW grown immediately after the growth temperature was

lowered (1.2 lm to 2.5 lm). We assume here as a first order

approximation a linear dopant increase between NA;450
�

C and

NA;400
�

C towards lower growth temperatures (Fig. 2(b)). It

should be mentioned that choosing the transition length from

1:0 lm < lT < 1:8 lm after the point of temperature decrease

still yields acceptable fits, too. Altogether, the calculated re-

sistance profile (red line in Fig. 2(b)) exhibits very good

agreement to the measured data (black points) and supports

the dopant distribution discussed above. These constant dop-

ing concentrations differ from doping gradients over 10 lm

found by Gutsche et al.,12 where no Zn was offered before

growth. Without pre-saturation of the Zn dopant in the Au

seed droplet and, especially at a low DEZn flow, the retarded

dopant incorporation in the Au seed particle causes axially

extended doping profiles.18 We reduced these gradients by

saturating the Au-particles with Zn dopant before NW growth

was initiated.

To explore the influence of NW deformation on its con-

ductivity, the resistance of one NW was compared for

straight configuration, similar to Fig. 1(a), and strongly bent

configuration as shown in the SEM image Fig. 3(a). To bend

the NW, the tip contacting the Au nanoparticle was moved

to push the NW towards the substrate. The voltage probe tips

were repositioned to contact the strained NW for resistance

measurements as shown in the 3-dimensional representation

in Fig. 3(b). When the NW was released again, it reverted to

a straight configuration, proving an elastic deformation

during bending. In the straight configuration, the segment of

the NW between the voltage probing tips showed a resist-

ance of 65:560:2 kX. The bent NW gave resistances

between 55 kX and 75 kX. This sets an upper boundary of

615% for the effect of mechanical stress on the conductiv-

ity, despite the strong NW bending performed. However, we

attribute this spread mostly to uncertainties in the distance

between tips 2 and 3 when reproducing the contact positions

along the bent NW due to the curvature of the NW and the

two-dimensional projection in SEM view.

In summary, we have used a multi-tip STM as a nano-

prober to measure the resistance profile of freestanding

GaAs NWs with high accuracy. Conversion of the resistance

profile to a dopant profile via a transport model displayed a

reduced incorporation of dopants into the NW base. The

reduced doping is most probably caused by the higher tem-

perature during the beginning of the two-temperature mode

NW growth, applied to enhance vertical alignment of the

NWs, and has to be considered when building devices from

freestanding NWs contacted via the substrate. The depend-

ence of NW conductance on strain in a severely bent NW

was explored. In our experiments, mechanical stress on a

NW during four point probe measurements was shown not to

influence its electrical conductance.

The authors are indebted to H. P. Bochem for taking

high resolution SEM images for NW diameter determination.
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