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A
luminum nitride (AlN), as an impor-
tant group III�V material, has at-
tracted considerable interest due to

its unique properties such as a wide and
direct band gap (6.2 eV), extremely low
electron affinity,1 and excellent thermal
conductivity, rendering AlN a promising
candidate for applications in deep-ultravio-
let light-emitting diodes (LEDs),2 field emit-
ters,3�12 and high-power/high-frequency
electronic devices.13 In addition, AlN has
high piezoelectric response and, thus, is a
good material for piezoelectric devices.14,15

However, the devices fabricated from AlN
have been limited due to its insulating
property and the difficulty of growing
highly crystalline AlN.16 Doping is an effi-
cient approach to tune the electrical proper-
ties of semiconductors and has been widely
utilized in the semiconductor industry.17,18

Recently, the success in controlled doping
of AlN films has enabled the realization of
ultraviolet LEDs with a wavelength of
210 nm, which is the shortest ever reported
among semiconductors.2 As in thin-film de-
vices, the realization of functional devices
based on AlN nanostructures depends on
the capability of controlling their electrical
transport properties, which could be rea-
lized via appropriate doping.
To date, one-dimensional (1D) AlN nano-

structures, such as nanotubes, nanowires,
and nanorods, have been synthesized by
various routes, such as chloride-assisted
growth,5,10�12,19,20 carbon nanotube-confined
reaction,21,22 arc-discharge,3,9 direct nitrida-
tion of Al powders,23 and vapor transport
method.6,7,24�26 Additionally, AlN nano-
structures doped with different elements such
as Fe, Si, Cu, Mn, and Tb have also been
prepared, and their corresponding ferromag-
netic, field emission, or optical properties

were investigated.25�30 However, there are
relatively few studies on the electrical trans-
port properties of undoped or doped 1D AlN
nanostructures thus far. Although electrical
properties of AlN nanoneedles have been
measured to be semiconducting due to un-
intentional incorporation of Si from the
growth substrates,25 such an AlN nanostruc-
ture showed an extremely low conductivity,
far below the level required for any practical
devices. So far, many issues of doping in AlN
nanostructures, such as control of doping
type and conductivity, remain unresolved.
Here, we report the realization of tunable

p-type conductivity in well-aligned single-
crystalline AlN nanowire arrays via magne-
sium doping. Gate-dependent electrical
properties of AlN NWs were studied by
constructing field-effect transistors (FETs)
from single nanowire. It was found that
the n-type conductivity of undoped AlN
NWs was converted to p-type upon Mg
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ABSTRACT Arrays of well-aligned AlN nanowires (NWs) with tunable p-type conductivity were

synthesized on Si(111) substrates using bis(cyclopentadienyl)magnesium (Cp2Mg) vapor as a doping

source by chemical vapor deposition. The Mg-doped AlN NWs are single-crystalline and grow along

the [001] direction. Gate-voltage-dependent transport measurements on field-effect transistors

constructed from individual NWs revealed the transition from n-type conductivity in the undoped

AlN NWs to p-type conductivity in the Mg-doped NWs. By adjusting the doping gas flow rate (0�10

sccm), the conductivity of AlN NWs can be tuned over 7 orders of magnitude from (3.8�8.5) �
10�6Ω�1 cm�1 for the undoped sample to 15.6�24.4Ω�1 cm�1 for the Mg-doped AlN NWs. Hole

concentration as high as 4.7 � 1019 cm�3 was achieved for the heaviest doping. In addition, the

maximum hole mobility (∼6.4 cm2/V s) in p-type AlN NWs is much higher than that of Mg-doped AlN

films (∼1.0 cm2/V s).2 The realization of p-type AlN NWs with tunable electrical transport properties

may open great potential in developing practical nanodevices such as deep-UV light-emitting diodes

and photodetectors.

KEYWORDS: aluminum nitride . nanowire arrays . Mg doping . tunable p-type
conductivity . field-effect transistors
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doping. Furthermore, the conductivity level depends
on the dopant concentration and can be tuned over 7
orders of magnitude. The magnesium doping leads to
significant improvements in the electrical transport
properties of AlN NWs, which should benefit the fabrica-
tion of future high-performance AlN nanodevices.

RESULTS AND DISCUSSION

Preparation of Mg-Doped AlN Nanowire Arrays. Undoped
and Mg-doped AlN NWs were grown on Si(111) sub-
strates by the chloride chemical vapor deposition
(CVD) method. The detailed synthesis process is de-
scribed in the Experimental Section. AlCl3 and NH3

were used as Mg and N precursors, respectively. The
growth temperature was kept at about 750 �C. Bis-
(cyclopentadienyl)magnesium (Cp2Mg) (99.9%, Aldrich)
was evaporated by an independent heater (Figure S1)
and subsequently transported by Ar to the growth
zone. The flow rate of the doping gas was tuned in the
range 0�10 sccm to prepare nanowires with different
doping concentrations. Undoped AlN NWs were

prepared under the same conditions but with no
dopant source.

Characterizations of AlN Nanowire Arrays. In this study,
undoped NWs and three doped NW samples prepared
with doping gas flow rates of 2, 5, and 10 sccm are
denoted as samples D0, D2, D5, and D10, respectively.
Figure 1a and b show representative scanning electron
microscopy (SEM) images of sample D10. It can be seen
that AlN nanowires were relatively uniform on the Si
substrate and vertically aligned (Figure 1a, inset). The
surfaces of the NWs are smooth and clean without
visible impurities. The nanowires have diameters in the
range 50�150 nm and lengths about 10 μm. Figure 1c
is a typical transmission electron microscopy (TEM)
image of the AlN nanowires in sample D10, and the
corresponding selected-area electron diffraction
(SAED) pattern (Figure 1d) clearly reveals that the
nanowire is single-crystalline wurtzite AlN with [001]
growth direction (Figure 1e). Structure defects such as
stacking faults were rarely observed (Figure S2), sug-
gesting the crystal quality of the AlN NWs is not

Figure 1. Representative characterizations of Mg-doped AlN NW arrays (sample D10). (a, b) SEM images of Mg-doped AlN
NWs. Inset in (a) is a cross-section SEM image. (c) TEM image, (d) corresponding SAED pattern, and (e) HRTEM image of a
doped (D10) AlNNW. (f) XRDpatterns of eachNWsample on Si(111) substrates, including samplesD0 (undopedNWs), D2, D5,
and D10. (g) EDS spectrum of Mg-doped (D10) AlN NWs. The inset shows the magnified Mg KR peak.
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considerably affected by the Mg incorporation. Mor-
phologies and crystal structures of other samples were
found to be similar to those of sample D10.

X-ray diffraction (XRD) patterns of all samples are
shown in Figure 1f. Except for the Si(111) peak from
substrates, only diffraction peaks from (002) and (004)
planes of hexagonal wurtzite AlN were observed. This
reveals the epitaxial relationship of AlN(001)//Si(111),
as previously reported in epitaxial AlN films grown on
Si(111) substrates.14 Notably, the diffraction peaks
from the doped samples slightly shifted to lower
angles relative to the undoped sample, indicating
lattice parameter broadening along the c-axis. This
lattice broadening should be attributed to incorpora-
tion of Mg into the AlN lattice since Mg2þ (0.72 Å) has a
larger ionic radius than Al3þ (0.535 Å). The wurtzite
structure of AlN NWs was further confirmed by XRD
analyses measured by detaching the nanowires from
the Si substrates (Figure S3).

Energy-dispersive X-ray spectroscopy (EDS) an-
alyses were further performed to evaluate Mg concen-
tration in the doped AlN NWs. For samples D0, D2, and
D5, only signals from Al and N could be detected
(spectra not shown here) since their Mg content is
below the detection limit of EDS (about 0.5 at. %).
However, for sampleD10aweakMgKRpeak at∼1.27 eV
(Figure 1g and inset) was detected besides the strong
Al and N signals (the Cu signals come from the TEM

grid), confirming the existence of Mg. Quantitative
analyses on various nanowires in sample D10 reveal
that the Mg concentration was 0.6�0.8 at. %. These
results were also confirmed by X-ray photoemission
spectroscopy (XPS, Figure S4). The trace amount of
doped Mg in samples D2 and D5 was probed via

secondary ion mass spectroscopy (SIMS, Figure S5).
The Mg concentrations were estimated to be ∼0.13,
0.31, and 0.67 at. %, for doped samples D2, D5, and
D10, respectively, while the Mg concentration for the
undoped sample is lower than 0.003 at. %, demonstrat-
ingMgwas indeed incorporated into AlN nanowires by
our doping method. Composition distribution was
determined by the EDS elemental mappings, as shown
in Figure 2, which reveals Mg element is uniformly
distributed in the AlN NW.

Electrical Measurements of Undoped and Mg-Doped AlN
Nanowire FETs. To investigate the electrical transport
properties of the undoped and Mg-doped AlN NWs,
we fabricated AlN NW-based field-effect transistors on
SiO2 (300 nm)/pþ-Si substrates with Ti (100 nm)/Au
(50 nm) source�drain electrodes. Gate voltage was
applied to the pþ-Si substrate using the standard back-
gate geometry.31,32 To activate Mg dopants, all FETs
made of the doped samples were annealed in N2 at
500 �C for 10 min, as in AlN or GaN thin films.2,33 The
inset in Figure 3a is an SEM image of a typical FET
fabricated from a single undoped AlN NW (sample D0)

Figure 2. TEM image of a Mg-doped AlN NW in sample D10 (a) and the corresponding Al (b), N (c), and Mg (d) EDS elemental
mappings (scale bar: 50 nm).
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with a diameter of ∼90 nm. Linear IDS (source�drain
current) vs VDS (source�drain voltage) curves (Figure 3a)
obtained from FETs made of undoped AlN NWs under
different gate voltages (VG varies from �30 to 30 V)
indicate a good ohmic contact between the Ti/Au
electrodes and the undoped AlN NWs. The conductiv-
ity was calculated be about 6.3� 10�6Ω�1 cm�1 from
the IDS�VDS curve at VG = 0. This value is on the same
order of that of AlN nanoneedles (8� 10�6Ω�1 cm�1)
grown on Si substrates.25 However, for a high-purity
AlN single crystal, the resistivity is typically in the range
1011�1012 Ω cm at room temperature. According to
the previous report,25 the observed conductivity in AlN
NWs is possibly originated from the Si atoms from Si
substrates by thermal diffusion during NW growth.
Dependence of IDS on VG at VDS = 2 V is depicted in
Figure 3b, revealing a typical n-type conductivity be-
havior; that is, the conductance increases with increas-
ing positive VG. n-Type behavior of the undoped AlN
NWs mainly arises from the intrinsic donor defects,
such as N vacancies, Al interstitials, and unintentionally
doped Si impurity, as previously reported in AlN
nanoneedles.25,28 The electron mobility (μe) can be
estimated from the channel conductance (gm) of the
FET, gm = dIDS/dVG = μCVDS/L

2 in the linear regime of
the IDS�VG curve, where C is the gate capacitance and L
is the effective nanowire length between electrodes.
The capacitance is given by C = 2πε0εSiO2L/ln(4h/d),
where εSiO2 is the dielectric constant of the gate SiO2

(3.9), h is SiO2 thickness (300 nm), L is the length of the

nanowire channel (2.5 μm), and d is NW diameter
(90 nm). Thus C is estimated to be about 2.1 � 10�16 F
for this device, and based on this value, the electron
mobility was derived to be about 2.3� 10�5 cm2/V s at
VDS = 2 V. Carrier concentration was then calculated
from F = 1/σ = 1/nqμ to be about 1.7 � 1018 cm�3.

IDS�VDS curves at different VG of a typical FET from
sample D2 are shown in Figure 4a. The conductivity of
the AlN NW changed obviously from n-type to p-type
upon Mg doping; that is, the current decreases with
increasing positive VG. On the other hand, the curves
are nonlinear and different from those of undoped
sample, which is supposed to originate from the
work function mismatch between the source�drain
electrodes and the Mg-doped AlN NWs. It is expected

Figure 3. Electrical characteristics of undoped AlN NW FETs
(sample D0). (a) IDS�VDS curves of a representative NW FET
at different VG. The inset is an SEM image of the single-NW
FET. Diameter of the nanowire is∼90 nm, and effective gate
length is about 2.5 μm. (b) IDS�VG curve plot at VDS = 2 V.

Figure 4. (a) IDS�VDS plots of Mg-doped AlN NWs (sample
D2) at different VG with Ti (100 nm)/Au (50 nm) source�
drain electrodes. Inset in (a) is the NW FET (scale bar: 2 μm).
(b) IDS�VDS plots of Mg-doped AlN NWs (sample D2) at
different VG with Ni (100 nm)/Au (50 nm) as electrode.
Diameter of nanowire is 78 nm, and effective gate length is
2.5 μm. The inset shows a SEM image of the FET (scale bar:
2 μm). (c) Linear and logarithmic plots of IDS�VG at VDS = 2 V
of the FET shown in (b).
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that metal electrodes with a higher work function
should be more suitable for forming contact with
p-type semiconductors. Therefore, we replaced the
Ti/Au source�drain electrodes with Ni (100 nm)/Au
(50 nm) electrodes to minimize the contact barrier.
IDS�VDS curves of a FET of D2 with Ni/Au electrodes
became approximately linear (Figure 4b) as antici-
pated, further confirming the p-type conductivity
of the doped NWs. Remarkably, the conductivity
increased by more than 4 orders of magnitude to
0.11 Ω�1 cm�1 upon doping, which suggests that the
Mgdopants can significantly tune the electrical transport
properties of AlN NWs. Figure 4c shows the dependence
of IDS on VG at VDS = 2 V. On that basis, the hole mobility
was deduced to be 1.13 cm2/V s, increased by about 5
orders ofmagnitude compared to that of undopedNWs.
The hole concentration (μh) is estimated to be about
6.1 � 1017 cm�3. Furthermore, the log(IDS)�VG curve
(Figure 3c) shows the on�off current ratio is greater than
104, indicating an obvious gate-control transport.

Similar FETs based on a single NW for samples D5
also display a p-type behavior, as depicted in Figure 5a.
Significantly, the conductivity of sample D5 with an IDS
of ∼10�6 A at VDS = 2 V clearly shows a 106 times
increase relative to that of the undoped sample; as
a result the conductivity was further increased to
∼8.4 Ω�1 cm�1, which demonstrates that increasing
the flow rate of the doping source can significantly
enhance p-type conductivity in Mg-doped AlN NWs.
Furthermore, the NWFETs cannot be turned off even at
a gate voltage of �30 V. The transfer characteristics of
sample D5 are shown in the inset in Figure 5a. Follow-
ing the above calculation, the mobility of this Mg-
doped AlN NW, sample D5, was derived to be about
6.4 cm2/V s at VDS = 2 V, and the hole concentration is
estimated to be ∼8.3 � 1018 cm�3. Notably, the hole
mobility for sample D5 in the present work is signi-
ficantly larger than that of previously reported
Mg-doped AlN films (∼1 cm2/V s)2 and close to that

of some similar types of 1D nanostructures such as
p-type ZnO nanowires (10.5 cm2/V s)17 and Mg-doped
GaN nanowires (12 cm2/V s).34 Furthermore, the pre-
sent field-effect mobility also is comparable to that of
Mg-doped GaN thin films (6�8 cm2/V s) grown by
molecular beam epitaxy technique.35 It should be
pointed out that although the hole mobility increased
significantly, it was still much smaller than those
observed in some III�V thin films with similar carrier
concentration.36,37 The low carriermobility is considered
to be due to the high surface-to-volume ratio of AlN
NWs, which would enhance carrier scattering on the
surface, leading to reduced carrier mobility as observed
in Si NWs.38 Furthermore, due to the employment of
ammonia in the synthesis ofMg-doped AlN NWs, a large
amount of H could be incorporated, which would
deactivate the Mg acceptors and trap the free holes, as
reported for Mg-doped AlN films grown by MOCVD.2

With a further increase of the dopant flow rate to
10 sccm (sample D10), the FETs show a weak gating
effect; that is, IDS�VDS curves are almost overlapping at
differentVG (Figure 5b). However, for the sameVDS, the IDS
increases by about 7 orders ofmagnitude over that of the
undopedAlNNWs, and theFET showsahighconductivity
of 19.7Ω�1 cm�1. According to the IDS�VG transfer curve
at VDS = 2 V (inset, Figure 5b), a similar analysis shows the
FET has a hole mobility of ∼2.5 cm2/V s and a hole
concentration of ∼4.7 � 1019 cm�3. This suggests that
increasing the flow rate of the doping source to 10 sccm
results in a higher carrier concentration.

According to the composition analyses, the effec-
tive hole concentration is much lower than the Mg
concentration in the doped samples. This phenomen-
on has also been observed in heavily doped Si and ZnO
nanowires.32,39 According to previous reports,25,40,41

the undoped AlN NWs should have intrinsic donor
defects including Ali, VN, Si, and O impurities. When a
small amount of Mg atoms are introduced into AlN
crystals, some of them may first compensate the

Figure 5. IDS�VDS plots at different VG of Mg-doped AlN NWs grown with Cp2Mg gas flow rates of 5 and 10 sccm. (a) Sample
D5; the diameter of NW is 76 nmand effective gate length is 2.3 μm. (b) SampleD10; the diameter of NW is 84 nmand effective
length is 2.1 μm. Insets in (a) and (b) are IDS�VG plots of the FETs at VDS = 2 V.
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intrinsic donor defects.28 In addition, someMgdopants
are not active due to the self-compensation effect, as
observed in Mg-doped AlN films.2 As a result, the
effective carrier concentration is much lower than the
Mg content in the doped samples.

Statistical Transport Properties of Mg-Doped AlN Nanowires.
To assess the electrical properties with enough statis-
tics, we have fabricated and measured at least 15 FETs
based on a single NW from each sample. The transport
measurements show good reproducibility. Figure 6
shows a statistical histogram of the conductivity. It
can be seen that the conductivity of undoped AlN NWs
is very low and in the range (3.8�8.5)� 10�6Ω�1 cm�1,
whereas the conductivity drastically increases to (0.9�
1.6) � 10�1 Ω�1 cm�1 for sample D2, to 6.1�10.6 Ω�1

cm�1 for sample D5, and to 15.6�24.4 Ω�1 cm�1 for
sample D10. The above results clearly show that the
p-type conductivity of AlN NWs can be tuned over a wide
range of∼7 orders of magnitude by simply adjusting the
flow rate of Mg doping gas during growth.

Table 1 summarizes the dependenceof typical carrier
concentration and mobility on the flow rate of Cp2Mg
vapor source. It is obvious that hole concentration

increases continuously with increasing flow rate of
Cp2Mg gas and finally reaches 4.7 � 1019 cm�3 for
sample D10, demonstrating that the carrier concentra-
tion in AlNNWs can be controlled by tuning the flow rate
of the doping source. Nevertheless, the mobility first
increases with increasing doping flow rate and then
decreases at high flow rate. As observed in ZnO:Ga and
CdSe:In nanowires,32,42 the variation in hole mobility is
considered to be due to improved semiconductor�
metal contact for the Mg-doped NWs and to enhanced
carrier scattering for the heavily doped samples. Note
that the undoped sample has an extremely lowmobility
of about 2.3 � 10�5 cm2/V s. Similar results have also
been observed in some 1D nanostructures, such as
CdSe,42 ZnSe,18 and ZnTe43 nanowires. Significantly,
the p-type conductivity in Mg-doped AlN NWs is highly
reproducible and remains unchanged for more than
three months.

CONCLUSIONS

In summary, we demonstrate the realization of
p-type well-aligned AlN NW arrays with tunable elec-
trical transport properties by Mg doping via a chemical
vapor deposition process. The NWs are single crystal-
line and epitaxially grown on Si(111) substrates with
[001] growth direction. Mg dopants distribute uni-
formly in AlN NWs with Mg content lower than 1.0 at.
%. Field-effect transistors fabricated from a single NW
for undoped and Mg-doped AlN NWs showed an
obvious conversion from n-type conductivity in un-
doped NWs to p-type conductivity after Mg doping. By
adjusting the doping gas (Cp2Mg) flow rate from 0 to
10 sccm, the conductivity can be tuned over 7 orders of
magnitude from (3.8�8.5) � 10�6 Ω�1 cm�1 for
undoped sample to 15.6�24.4 Ω�1 cm�1 for Mg-
doped AlN NWs. The carrier concentration of p-type
AlN NWs increases continuously with increasing flow
rate of doping gas and approaches 4.7� 1019 cm�3 at
the heaviest doping. Significantly, the maximum hole
mobility of ∼6.4 cm2/(V s) is much larger that that of
Mg-dopedAlNfilms (∼1cm2/Vs),2 andevencomparable to
that of Mg-doped GaN thin films (6�8 cm2/V s).35,39 This
p-type behavior in Mg-doped AlN NWs is stable and
remains unchanged for a period of over three months
The capability of tuning p-type conduction and the under-
standingof the transportpropertiesofAlNNWswill facilitate
the development of AlN NW-based nanodevices such as
deep-UV LEDs and photodetectors, as well as piezoelectric
sensors.

EXPERIMENTAL SECTION
Undoped and Mg-doped AlN NWs were grown by a chemical

vapor depositionmethod under similar growth conditions. A 2 g
amount of AlCl3 powder (99.9%, Aldrich) was placed in the

sealed end of a small quartz tube, which was transferred to the
center of the tube furnace, and Si(111) substrates were placed at
the open end of the small quartz tube. During growth, the
source and substrate temperatures were kept at about 400 and

TABLE 1. Summary of Representative Carrier

Concentration,Mobility, andConductivityof Each Sample

flow rate of

Cp2Mg (sccm)

carrier concentration

(cm�3)

mobility

(cm2/V s)

conductivity

(Ω�1 cm�1)

D0 0 1.7� 1018 2.3� 10�5 6.3 � 10�6

D2 2 6.1� 1017 1.1 0.11
D5 5 8.3� 1018 6.4 8.4
D10 10 4.7� 1019 2.5 19.7

Figure 6. Distribution of conductivity for 60 FETs from
undoped and Mg-doped AlN NWs. Fifteen FETs for each
sample.
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750 �C, respectively. Bis(cyclopentadienyl)magnesium (Cp2Mg)
(99.9%, Aldrich) was evaporated at 180 �C by an independent
heater (Figure S1) and subsequently transported by Ar to the
reaction zone. Meanwhile, NH3/Ar (1:4) was introduced into the
furnace at a flow rate of 50 sccm. The flow rate of doping gas
was tuned in the range 0�10 sccm to prepare nanowires with
different doping concentrations. The reactions were carried out
at atmospheric pressure, and the typical growth timewas about
2 h. Undoped AlN NWs were prepared under the same condi-
tions but with no dopant source.
The morphology of the as-synthesized AlN NW arrays was

characterized by scanning electron microscopy. The crystal and
microstructures and chemical components of the samples were
analyzed using X-ray diffraction, transmission electron micro-
scopy, high-resolution TEM, energy-dispersive X-ray spectros-
copy, X-ray photoemission spectroscopy, and secondary ion
mass spectroscopy.
For the fabrication of single NW FET, AlN NWs were collected

from the Si substrate and dispersed in alcohol. The resulting NW
suspension was then spread on a SiO2 (300 nm)/pþ-Si wafer at a
desired density. Patterned Ti (100 nm)/Au (50 nm) electrodes
spaced 2 μm were then deposited on individual NWs by
photolithography and electron-beam evaporation. Gate vol-
tage was applied to the pþ-Si substrate in a standard global
back-gate geometry. All FETs were annealed in N2 at 500 �C for
10 min before electrical measurements.
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