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Doping of Si into GaN nanowires has-been successfully attained via thermal evaporation in the
presence of a suitable gas atmosphere. Analysis 'indicated that the Si-doped GaN nanowire is a
single crystal with a hexagonal wurtzite structure, containing 2.2 atom % of Si. The broadening
and the shift of Raman peak to lower frequency are observed, which may be attributed to surface
disorder and various strengths of the stress. The band-gap emission (358 nm) of Si-doped GaN
nanowires relative to that (370 nm) of GaN nanowires has an apparent blue shift (~12 nm), which

can be ascribed to doping impurity Si.

Keywords: GaN Nanowires, Raman Scattering, Photoluminescence, Nanocomposites.

Recently, the fabrication and properties of nanometer-sized
materials such as GaN nanowires (NWs) have attracted
considerable attention owing to their potentialjapplicaz
tions in both testing the fundamental concept.of quan-
tum mechanics and the development of nanodevices.' So
far, many techniques have been developed for 'the syn-
thesis of pure GaN NWs such as laser ablation,®’  ther-
mal chemical vapor deposition (CVD),#!3 arc discharge,'*
nanotube-confined reaction,’”” and anodic alumina tem-
plates (AAO).'® In order to exploit the practicable appli-
cations, it is of much importance and significance to tailor
the properties of pure GaN NWs by doping special ele-
ments such as manganese, cobalt, and silicon. The former
elements (Mn, Co) can introduce their magnetic properties
to GaN NWs (diluted magnetic semiconductors); the lat-
ter may modify the conductivity and photoluminescence
of GaN NWs. However, only a few experiments have
been performed.!”-!® Theoretically, it has been reported
that Si atoms residing in Ga sites in GaN are neutral
shallow donors.! Thus, the Si-doped GaN nanowires are
expected to have interesting electronic properties. This
point attracts our scientific interest and is also needed for
their future applications. Little work on doping of Si into
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GaN nanowires has been done to date; a simple and effec-
tive approach for the preparation of the nanowires remains
a challenge. In this paper, we present single-crystalline Si-
doped GaN nanowires and GaN nanowires via a simple
route in the absence of template!” and catalyst such as
Au.'® Si-doped GaN and undoped GaN NWs are synthe-
sized: through the reaction of high purity Ga,O; powders
with NH; and Ar 95% + H, 5% in a furnace. The growth
mechanisms of GaN based nanowires are discussed.

A quartz boat containing reagent-grade Ga,O; pow-
der (Aldrich, 99.99%) was kept in the center of a quartz
tube placed horizontally in a tubular furnace as shown
in Figure la. Cleaned SiO, substrates were placed down-
stream from the boat. The distances between the boat and
substrates were 25 (A) and 30 cm (B), respectively. The
base vacuum was kept at 95 mTorr. The powder was heated
up to 900 °C at the rate of 15 °C/min with a flow of
Ar 95% + H, 5% at a rate of 60 sccm, Ar + H, gas was
then turned off, and a pure ammonia gas (99.999%) was
introduced at a rate of 150 sccm. The furnace was then
heated up to 1080 °C at the rate of 10 °C/min and main-
tained for 160 min. The pressure was kept at 675 Torr. The
temperature distribution is shown in Figure 1b. After the
furnace was cooled with NH;, the samples were taken from
the substrates.
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Fig. 1. (a) Schematic diagram of the horizontal furnace used in the

synthesis. (b) The temperature distribution curve in the furnace.

The as-prepared samples were investigated by X-ray
diffraction (XRD, Rigaku D/max-rB Cu Kea). The mor-
phology and size distribution of the nanowires were char-
acterized with a scanning electron microscope (SEM,
Hitachi H-8010) equipped with an energy-dispersive
X-ray (EDX) spectroscometer and a transmission electron
microscope (TEM, Hitachi H-800). High-resolution TEM

(HRTEM), EDX and electron diffraction (ED) analysi i

were performed with JEOL-2010. The Raman backscat-
tering measurements were performed at room tempera-

ture using a Spex 1403 Raman scattering spectrometer

and a 200 mW Ar" laser at 488 nm as the excitation
source. The third harmonic of a cavity-dumped femtosec-
ond Ti:sapphire laser at 266 nm was used as an excitation
source in the photoluminescence (PL) measurement.

Wool-like products on SiO, substrates appear in two
distinguished colors. Typical SEM images of the sample A
and B are shown in parts a and b of Figure 2, respectively.
Sample A formed on substrate A at 25 cm (around 900-
950 °C) downstream from the target materials is deep gray,
whereas sample B formed on substrate B at 30 cm (around
800 °C) is light yellow. The boundary between these two
regions was quite sharp. The diameters of the nanowires
in sample A range from 50 to 200 nm, and the length is up
to a few micrometers. The diameters of the nanowires in
the sample B range from 50 to 450 nm. Statistic analyses
indicate that the number of larger diameter nanowires in
sample B is greater than that in sample A.

Figure 3 illustrates XRD of the as-prepared sample
A and B. As shown in Fig. 3(a), the diffraction peaks
in sample A are quite similar to those of a bulk GaN,
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Fig. 2. Typical SEM images of the samples A (a) and B (b).

which can be indexed to (100), (002), (101), (102), (110),
(103), (200), (112), (201), and (004) of hexagonal wurtzite
structure GaN (a = 3.18 A, ¢ =5.18 A). The diffraction
data are in good agreement with published values® for GaN
na owire.§. rI\‘Io obvious diffraction peak corresponding to
Si or Si compound impurity phases is observed. The peak
lGOi) lis the strongest, and other peaks are relatively weak.
The. strong iintensities of the peaks relative to the back-
ground delineate that the nanowires are well-crystallized.
However, the diffraction peaks of the sample B (Fig. 3b)
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Fig. 3. XRD pattern of the as-prepared samples A (a) and B (b).
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(a) EDX of the sample A. (b) A typical TEM of the sample A, the inset is SAED. (c) EELS data of the nanowire grown on the substrate.

(d) TEM image of the nanowire grown on the substrate B, the upper and lower insets are SAED and EDX, respectively. (¢) HRTEM image of the

nanowire in (d).

relative to the background are weaker, indicating that the
crystallinity of sample B is not so good as that of sam-
ple A. In sample B, the peak (101) is the strongest, instead
of (002).

Figure 4a shows the energy dispersive X-ray spec-
troscopy (EDX) analyses. It indicates that sample A
consists of Ga, N, and Si, with an atomic ratio of
38.55:60.57:0.88. The atomic ratio of Ga to Si is about
97.8 : 2.2. Different areas of a single nanowire and dozens
of nanowires have been analyzed by EDX attached to

532

TEM. These results indicate that Si is uniformly contained
in GaN nanowires. Figure 4b shows a typical bright-field
TEM image of a nanowire. The inset is its selected area
electron diffraction (SAED), which can be indexed to a
wurtzite hexagonal structure GaN. This result indicates
that the nanowire is a single crystal with [001] growth
direction. In addition, no second set of diffraction points
or irregular points was observed.

The electron energy loss spectra (EELS) data for a
nanowire grown on substrate A is shown in Figure 4c.

J. Nanosci. Nanotech. 5, 530-535, 2005
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The nanowire shows three distinct absorption features
corresponding to Si-L,, L;, and N-K in the range of
energy loss from 50 to 900 eV, indicating that Si has been
doped into GaN nanowires.

Figure 4d shows a typical bright-field TEM image of
the nanowire grown on the substrate B. The diameter of
the nanowire is about 70 nm. The upper and lower insets
are SAED pattern and EDX analysis, respectively. The
EDX analysis indicates that the nanowire consists of Ga
and N. The atomic ratio of Ga to N is about 49:51. The
SAED pattern can be indexed to single-crystal hexagonal
GaN; the [110] direction is parallel to the long axis of
the nanowire, indicating that the fast-growth direction is
along the [110] direction, which is different from the case
of substrate A whose growth direction is along [001]. The
lattice spacing of 0.27 nm, as shown in the HRTEM image
(Fig. 4e), corresponds to (100) crystal planes of the hexag-
onal GaN.

There are probably several chemical reactions involved
in our method to fabricate GaN based nanowires.
According to the thermodynamic data, the Ga,0; cannot
directly react with NH; since the free energy of reaction
is positive (AG, = 180-94 kJ/mol~') in the temperature
range 300-1200 °C. Because of the presence of Ar+H,,
Ga,0; will be reduced to Ga through the following
reactions:*

Ga,05(s) +2H, — Ga,0(1) +2H,0(g) (1)
Ga,0,(s) + 3H, — 2Ga(l) + 3H,0(g) )
Ga,05(s) +4Ga(l) — 3Ga,0(g) (3)

Moreover, NH; decomposes stepwise to NH,, NH, H2|’ .

and N, at temperature above 800 °C. Hence, H, can be
assumed to be present in our furnace after the Ar.+ H,
was turned off and NH; was introduced. As Ga,O; and
Ga are much more volatile than Ga,0; at the processing
temperature, Ga can be readily transported to substrate’ A
by the carrier gas. From a thermodynamic point of view,
Ga can easily etch the surface of silica substrate around

950 °C. The following reaction may occur:*!

4Ga(1) + SiO, (s) — 2Ga,0(g) + Si(s) @)

Newly formed Si can dissolve into Ga to form Ga-Si
droplets since Si cannot react with SiO, below 1100 °C.?
The solubility of Si in Ga is about 5 atom % above 800 °C
under vacuum.?

The following reaction occurs:

2Ga/Si+2NH, — 2GaN/Si + 3H, (5)
Ga,0(g) +2NH;(g) — 2GaN+H,0+3H,(g) (6)

Reaction 6 might occur either in the vapor or in the Ga-Si
droplets. The Ga,O, NH;, and GaN dissolve in the lig-
uid alloy droplets of Ga—Si. When the GaN concentration
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reaches the saturation level in the Ga—Si droplet, solid GaN
will segregate at the droplet—substrate interface. Thus, the
Ga-Si droplet acts as a nucleation site for GaN segrega-
tion and as a medium to dissolve GaN and Si. Finally,
Ga,_,Si N nanowires are formed.'® In this process, the
growth mechanism is dominated by vapor—liquid—solid
(VLS).2!

Because the temperature of the substrate A (900-
950 °C) is a bit less than the decomposition temperature
(above 950 °C) of GaN,**? some GaN based nanowires
are more likely to be unstable and subsequently decom-
pose into Ga and N,:

2GaN — Ga+N,(g) (7)

Si(s) segregates from Ga. Ga will be carried away
by carrier gas and deposited onto substrate B (around
800 °C). From a thermodynamic point of view, reaction
4 is not workable, since the temperature of substrate B
is ' below-900°C. No silicon source is available. Hence, the
following reaction occurs:

2Ga(g) +2NH;(g) — 2GaN(s) 4 3H,(g) (8)
In this reaction, partial Ga is probably from reaction 2.
Ga,0(g) +2NH;(g) — 2GaN+H,0+3H,(g) (9)

In this process, the growth mechanism is likely to be
governed by vapor solid (VS).

Raman scattering is sensitive to microscopic structure,
which can provide further information on vibrational states
of Ga,_,Si N and GaN nanowires. On the other hand,
according to band mode and the selection rules, we can
also judge 'its crystalline quality. In terms of the factor
group analysis, a single-crystal GaN possesses eight sets of
optical phonon modes near the zone center. These modes
are classified into Raman (A, + E, + 2E,), silent (2B,),
and infrared ‘active (A, + E,). The A, and E, modes are
further split into LO (longitudinal optical) and TO (trans-
verse optical) components. For the sample A, as shown in
Figure 5a, first, the four observed Raman-active phonon
bands near 136, 527, 563, and 703 cm™! correspond to E,
(low), A, (TO), E, (high), and A, (LO) modes, respec-
tively. The frequencies of the first three modes are close
to those previously reported on nanowires and bulks;*6-28
the position of the A, (LO) mode is significantly softer.
Second, we find that these phonon peaks broaden substan-
tially in the case of the nanowires. Third, the strongest
E, (high) phonon line reflects the characteristics of the
hexagonal crystal phase of the GaN nanowires. Only the
allowed modes according to the selected rule are mani-
fested, illustrating that structural defects or internal stress
are minimal in the sample. Two additional modes were
observed at 419 and 665 cm™!, both of which are not
allowed by the Cg, space group in first-order Raman scat-

tering at the zone center. The peak at 419 cm™! can
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Fig. 5. Raman scattering spectroscopy of the samples A (a) and B (b).

be assigned to the zone-boundary phonon; whereas the
peak at 665 cm~! can be indexed into the defect-induced
phonon mode. This behavior agrees with the spatial cor-
relation or phonon confinement model, which suggests
that phonons in nanometric systems can be confined. in
space by crystallite boundaries or surface disorders. Con-
sequently, this confinement causes an uncertainty in the
wave vector of the phonons, which results in broadening of
the Raman features. Similar evidence for the broadening of
the Raman bands associated with the phonon confinement
effects has been observed in the micro- and nanocrystallite
systems, such as Si and GaAs.”

For the sample B, as shown in Figure 5b, the peaks at
513, 565, and 723 cm™" are the first-order phonon frequen—
cies of A,(TO), E,(high), and A,(LO), respettively.® The
strength of A,(LO) is almost the same as that of E,(high),
that is, Ip, ign)/1a,1.0) < 1, Which is contrary, to the com-
mon observation of a high Iy, qen) /14, L0y Tatio. This may
be assigned to surface disorder and strong stress in the
differently oriented unit cells along the growth.

Apparently, the peaks of both sample A and B were
shifted to lower frequency and broadened compared to
those of bulk GaN single crystal.**=? The red shifts of
the E,(high), A,(LO), and A,(TO) modes are 3, 23, and
5 cm™!, respectively. Gao et al.3* also found a red shift
in the Raman scattering spectrum of Ga,O; nanorods, in
the present work; because gallium oxide was used as a
starting material and residual oxygen existed in the fur-
nace, the gallium oxide is probably incorporated into GaN
nanowires. Accordingly, we also believe that the red shift
of GaN nanowires originated from some defects and fur-
ther investigation is needed.

Figure 6 shows the room temperature (300 K) PL spec-
tra of the Si-doped GaN (Fig. 6a) and undoped GaN
nanowires (Fig. 6b). A band-edge emission was observed
at 358 nm (3.46 eV) for the Ga,_,Si,N. The well-known
defect-induced yellow emission band is not observed,
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Fig. 6. PL spectra of the samples A (a) and B (b).

indicating high quality of the Si-doped GaN nanowires.
Albroad ) emission band around 425 nm (2.92 eV) was
also observed, which should be related with defect sites
and/or/surface states. In PL spectra of GaN doped with
Mn or Mg, similar bands at 425 nm (2.92 eV) have been
observed,** % indicating that this band may arise from the
defect sites. For GaN nanowires, band-edge emission was
observed at 370 nm (3.37 eV) with much weaker intensity,
whereas the 425-nm (2.92 eV) emission becomes much
stronger, indicating that defect concentration is higher in
the GaN nanowire.

The band-edge emission of the Si-doped GaN nanowire
is blue-shifted from that of the GaN nanowires by ~12 nm
(~90 meV). Although a significant fraction of the Si-
doped GaN nanowires have diameters less than that of
GaN, quantum confinement may not be responsible for
the; blue shift, since the diameters of the nanowires are
much larger than the exciton Bohr radius of the bulk GaN
(2.8 nm). The blue shift may also arise from the Si dopant.
Recent research on Si-doped GaN film has attributed the
shift of the band gap to the shifts of both conduction
and valence bands.?® The band-edge emission showed non-
monotonic behavior: the position decreases initially as the
dopant concentration increases and showed an increase by
further increase in doping. A more detailed PL study is in
progress and will be published in a separate paper.

In summary, a bulk quantity of Si-doped GaN and
undoped GaN nanowires has been successfully synthesized
via conventional CVD method in the presence of a suit-
able gas atmosphere. Several techniques were employed
to analyze the as-prepared nanowires, indicating that the
Si-doped GaN nanowires have a single-crystal hexago-
nal wurtzite structure along with 2.2 atom % Si. The
broadening and the lower frequency shift of Raman peaks
are probably attributed to surface disorder and the stress.
The blue shift of band-gap emission of Si-doped GaN
nanowires relative to that of GaN nanowires is due to dop-
ing impurity Si.

J. Nanosci. Nanotech. 5, 530-535, 2005
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