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We report on the fabrications and characterizations of axial and radial GaAs nanowire pn junction diode arrays.
The nanowires are grown on n-doped GaAs (111)B substrates using the Au-catalyzed vapor-liquid—solid mechanism by
metal-organic chemical vapor deposition (MOCVD). Diethyl-zinc and silane are used as p- and n-type dopant precursors,
respectively. Both the axial and radial diodes exhibit diode-like J-V characteristics and have similar performances under
forward bias. Under backward bias, the axial diode has a large leakage current, which is attributed to the bending of the
pn junction interface induced by two doping mechanisms in Au-catalyzed nanowires. The low leakage current and high
rectification ratio make the radial diode more promising in electrical and optoelectronic devices.
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1. Introduction

Semiconductor nanowires (NWs) have attracted much at-
tention in recent years due to their unique advantages such
as the bottom—up paradigm, enhanced strain relaxations, and

s.[1=41 As an impor-

advanced electrical and optical propertie
tant structure, NW pn junctions have been widely studied and
applied in a lot of nano-electronic and nano-optoelectronic

[5,6

devices including bipolar transistors,!>% optical sources,!’!

9-11

photodetectors,®! and solar cells.*-!!! There are mainly two

types of NW pn junctions: axial junction!®'>~14] and radial

(910 The axial junction is similar to the planar junc-

junction.
tion in which the junction interface is vertical to the growth
direction. The radial junction is formed by surrounding the
doped core with a shell of the opposite doping type, which en-
ables carrier extraction across the radius of the NW, while a
long axial length of the NW permits high optical absorption.
Large-scale vertically aligned NW pn junction arrays are
particularly promising in high-performance optoelectronic de-
vices due to the light trapping mechanism. High-efficiency so-
lar cells have been fabricated based on direct band gap III-V

s.[7.9-111 1 this work, we fabricate axial

NW pn junction array
and radial GaAs nanowire pn junction diode arrays and study
their electrical properties. Both the two diodes exhibit diode-
like I-V characteristics. The radial diode has a lower leakage

current and higher rectification ratio than the axial one, which

DOI: 10.1088/1674-1056/23/12/128503

is more promising in electrical and optoelectronic devices.

2. Experimental procedure

The growth was performed by using a Thomas Swan
CCS-MOCVD system at a pressure of 100 Torr (1 Torr =
1.33322 x 10 Pa). The carrier was hydrogen. Trimethyl—
gallium (TMGa) and arsine (AsH3) were used as precursors.
Silane (SiH4) and diethyl-zinc (DEZn) were chosen as the
sources for n-type and p-type doping, respectively. Au film
with a thickness of 4 nm was deposited on the n-doped GaAs
(111)B substrate by magnetron sputtering. The Au-coated
substrate was loaded into the MOCVD reactor and annealed
at 650 °C under AsHj3; ambient for 300 s to form Au-Ga al-
loyed particles as the catalyst. For the axial junction, a lower
n-type GaAs NW section was firstly grown at 440 °C for 300 s,
then the upper p-type section was grown at the same temper-
ature for 300 s. For the radial junction, an n-type NW core
was firstly grown at 440 °C for 400 s. After that, the tem-
perature was raised to 560 °C, p-type GaAs shell was subse-
quently grown for 100 s. During growth, the flow rates of
TMGa, AsHj3, SiHy, and DEZn were 14.4 sccm, 100 sccm,
40 sccm, 40 sccm respectively.

The schematics and scanning electron microscopy (SEM)
images of NWs are shown in Fig. 1. From Fig. 1(b), we can
see that the axial pn NWs show kinking, which is attributed
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to the incorporation of Zn into the Au particle during the p-
type nanowire growth.!>! The total length of the axial pn NW
is about 5.8 um. The length of the n-doped section is de-
termined to be 4.2 pm from an independent growth of pure
n-doped NWs under the same condition. Thus the p-doped
NW section is determined to be 1.6 wm, which indicates an
effective growth time of 114 s due to splitting of catalyst drop
and kinking.!'> Figure 1(d) shows the SEM image of radial
pn NWs. It can be seen that these NWs remain straight and
uniform, no kinging is observed. This is because the p-type
shell directly deposits on the NW surface under high temper-
ature and the incorporation of Zn into Au is suppressed. The
total length of NWs is about 5.4 um and the thickness of the
p-doped shell is 50 nm. A short “neck” with a smaller diam-
eter is observed under the Au catalyst, which is considered
to be formed during the shell growth. The p-doped “neck” is
helpful to avoid contact between the top electrode and n-doped
NW cores.

The fabrication process of NW array pn junction diodes
is shown in Fig. 2. Firstly, the NW arrays were covered with
polyimide (PI) by spin casting. For the axial array, PI-5 was
spun onto the sample without dilution at 2000 rpm for 4 min.
For radial arrays, PI-5 was diluted four times and spun at
2000 rpm for 4 min. After spinning, the two samples were

(a)

-n+-doped substrate

- n-doped NW

hard-cured overnight. To expose the NW tips for electrode
contact, the samples were placed in an oxygen plasma reac-
tive ion etch chamber to remove the polyimide from the tips
of the NWs. A top contact consisting of Pt/Ti/Pt/Au was then
deposited on the NW tips by magnetron sputtering. A back
contact consisting of Pt/Ti/Pt/Au was deposited on the back-
side of the substrate.

Figure 3 shows the SEM images of axial and radial NW
arrays after covering PI as well as after depositing electrodes.
Figure 3(a) shows the 70 °-tilted SEM image of the axial array.
We can see that all the NWs are covered with a planar PI film.
Figure 3(b) shows a cross-sectional SEM image of the array
with a single NW. It can be seen clearly that the tip is exposed.
The exposed length is about 200 nm, which can maintain a
good contact between the p-doped NW and the top electrode
while avoiding the contact between the lower n-doped NW and
the electrode. Figure 3(c) shows the SEM image of axial ar-
ray after depositing electrode. The electrode is in the form of a
uniform film and connects all the nanowire tips. From the high
magnification image, the electrode thickness is determined to
be 70 nm. For the radial sample, the PI film is thinner and the
exposed length is much longer. This is helpful to maintain a

large contact area with electrodes, as shown in Figs. 3(d)-3(f).

- p-doped NW

Fig. 1. (color online) Schematics and SEM images of axial and radial GaAs NW pn junction arrays.

(a)

- GaAs-substrate
- Catalyst

B v
- Polyimide

- Electrode

Fig. 2. (color online) Schematic diagram of the device fabrication process: (a) as-grown NW pn junction array, (b) NW arrays after spinning PI, (c¢) NW

arrays after etching, and (d) NW arrays after depositing electrodes.
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Fig. 3. SEM images of axial ((a)—(c)) and radial ((d)—(f)) NW pn arrays with PI and electrodes.

3. Results and discussion

The electrical properties of devices are studied by using
a Keithley 2636A digital source-meter. Figure 4(a) shows
the current density—voltage (J-V) characteristics of the de-
vices. Both the axial and radial diodes exhibit diode-like J—V
characteristics.[10! Under forward bias, the characteristics of
the two diodes are similar. The onset voltage is about 0.4 V,
which can be determined from the J-V curve plotted in semi-
logarithm. In the range of 0 V=0.4 V, the intrinsic ideality
factors are 2 and 2.5 for the axial and radial diodes, respec-
tively, which are similar to those of the GaAs nanowire diodes
reported previously.!'”] The series resistances are 122 Q-mm?
and 155 Q-mm? for the axial and radial diodes, respectively, as
determined from curves beyond the turn-on voltage. The large
series resistance may be attributed to the contact of the upper
electrode to a thick surface depletion region of NWs with a
low doping level.[1%18-20]

Under backward bias, the axial diode has a much larger
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leakage current density than its radial counterpart. For ex-
ample, the leakage current density at —2 V of the axial
diode is 1.92 mA/mm?2, while for the radial diode, it is only
0.26 mA/mm?2. Moreover, the leakage current of the axial
diode increases much faster than that of the radial one and ex-
hibits some indications of breakdown. Figure 4(b) shows the
rectification ratio of diodes. The rectification ratio of the radial
diode is several times higher than the axial one. For example,
the rectification ratios at 1 V are 60 and 14 for the radial and
axial diode, respectively. Considering the similar forward con-
duction currents, the low rectification ratio of the axial diode
is obviously attributed to the large leakage current.

The difference in the leakage current between axial and
radial diodes is probably attributed to the difference in dop-
ing mechanism between the two types of pn structures. As
has been reported, there are two doping mechanisms in VLS
grown nanowires: doping through side facet deposition and
doping through the droplet which is illustrated as Fig. 5(a).[?!]
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Fig. 4. (color online) Electrical properties of axial and radial NW pn array diodes: (a) J-V characteristics of the axial and radial devices. The inset shows

the J-V curves in semi-logarithm. (b) Rectification curves of the devices.
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For the radial diode, high temperature shell growth means the
former mechanism dominates the procedure, which leads to
a uniform doping concentration along the NW and a smooth
pn junction interface. Considering the axial diode, radial
growth always occurs during the growth of the p-doped sec-
tion, though it might be thousands of times slower than the
axial growth. This means that both of the two mechanisms
contribute to the doping of a p-doped NW, resulting in differ-
ent doping concentrations in the center and external part of the
NW. The concentration difference may lead to a bending of
the junction interface, as illustrated in Fig. 5(b). The interface
bending can result in a low breakdown voltage, and the leakage

current can increase rapidly at a small backward voltage.!182%]

(a)

curvature of pn junction interface

/ /
/

Zn-doped p segment

Si-doped n segment
(b)

Fig. 5. (color online) Schematics of (a) doping mechanisms in Au-
catalyzed VLS nanowires and (b) bending of the pn junction interface.

4. Conclusion

In this paper, we fabricated axial and radial GaAs
nanowire pn junction diode arrays and studied their electri-
cal properties. The axial NW array exhibits kinking due to

the incorporation of Zn into the Au particle, while the radial
array remains straight and uniform. Both the axial and radial
diodes exhibit diode-like J-V characteristics and have simi-
lar performances under forward bias while there exists a large
series resistance mainly due to surface depletion. Under back-
ward bias, the axial diode has a large leakage current, which
may be caused by the bending of the pn junction interface in-
duced by two doping mechanisms in Au-catalyzed nanowires.
The low leakage current and high rectification ratio make the
radial diode more promising in electrical and optoelectronic
devices.
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