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Morphology and optical properties of Mg doped GaN
nanowires in dependence of growth temperature
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The influence of the substrate temperature and Mg doping on the morphological and optical properties of catalyst-free GaN
nanowires grown by plasma-assisted molecular beam epitaxy on Si(111) has been investigated in a large temperature
range between 665°C and 785°C. The density and wire sizes in Mg-doped nanowires are found to change with substrate
temperature in a similar way as undoped nanowires. Between 725 °C and 785 °C a trimodal size distribution and an
increase of the wire density from 5.0x10° cm? to 9.5x10° cm? were observed. Transmission electron microscopy indicates
that the upper parts of the nanowires are free of structural defects. Raman spectroscopy measurements confirm a high
crystalline quality of doped wires, with a line width of the E." of 3.3 cm™ for samples grown at Ts=785 °C.
Photoluminescence measurements show a strong influence of Mg on the emission properties, namely the increase of the

donor-acceptor pair emission and its phonon replicas.
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1. Introduction

GaN is one of the most important III-V semiconductor
compounds in today’s electronics and optoelectronics. Its
tunable band gap, when alloyed with In and Al as well as
its thermal, chemical and mechanical stability make it a
very versatile material. Thin films of GaN have been
already used successfully in different kinds of electronic
and optoelectronic devices [1]. However issues like
reduction of the high dislocation density, caused by a large
lattice mismatch to the substrate, still need to be solved. In
this respect self-assembled GaN nanowires (NWs) grown
by plasma-assisted molecular beam epitaxy (PAMBE)
represent an interesting alternative, as they show high
crystal quality, low defect densities and strong
luminescence [1-14].

An important step in the development of GaN based
nanodevices is p-type doping. Mg is widely used as a p-
type dopant for epilayers and has been subject of a number
of studies using photoluminescence (PL) [15]. It is of
importance to achieve doping control for GaN NWs as
well, in order to use them in electronic or optoelectronic
devices [16]. The impact of Mg doping on the nanowire
morphology was already demonstrated and an increased
lateral growth upon increasing Mg supply was reported
[17,18]. The influence of Mg on the optical properties of
GaN NWs at a given substrate temperature was also
investigated [19,20].

In this paper, we report on the effect of the growth
temperature (Ts) on both the morphology and optical
properties of Mg-doped and undoped GaN NWs. A low

Mg doping level was chosen in order to minimize the
impact of doping on the NW morphology.

2. Experimental details

GaN NWs were grown on Si(111) substrates in
nitrogen rich conditions (Ga/N << 1) by PAMBE without
any metal catalyst. The silicon substrates have been
cleaned before epitaxy by a standard ex-situ chemical
cleaning procedure and by in situ annealing in ultra-high
vacuum at 925 °C for 15 min, in order to obtain an
oxygen-free surface with a 7x7 reconstruction. The GaN
NWs were doped with Mg (the cell temperature was
185°C resulting in beam equivalent pressure (BEPy,) =
1.0 x 10° mbar) using identical growth parameters as for
undoped GaN NWs: BEPg, = 2.4 % 10°% mbar, RF-power
Prr =500 W, a nitrogen flow rate of 4 sccm and a growth
duration of 2h. The influence of the substrate temperature
on the morphology and optical properties was investigated
for samples grown at different Ts between 665 °C and
785 °C.

Investigation of the morphology of the NWs was
carried out in a Zeiss Leol550 scanning electron
microscope (SEM) and a JEOL-3000F transmission
electron microscope (TEM). p-Raman scattering
measurements were performed in backscattering geometry
on freestanding NWs (FSNWs) dispersed on glass
susbstrates in order to eliminate the strong signal of the c-
Si substrate of the as grown samples. The 514 nm laser
line of an Ar" gas laser was used as excitation source. The
laser beam was focused onto the sample by a 100x
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objective (N.A. 0.95). The backscattered light was guided
to a triple grating spectrometer (Dilor XY500) and finally
detected with a resolution of 0.022 nm by a CCD camera.
PL measurements were performed using the 325nm line of
a Cd-He Laser as an excitation source. The as grown
samples were mounted in a liquid He cooled cryostat.
Spectral analysis of the signal was carried out with a
Czerny-Turner monocromator (SPEX 1702, 0.75m focal
length) and detected with a CCD camera.

3. Results and discussion

SEM side view images of the as grown samples were
used to determine diameter and length distributions. Top
view images were used to evaluate the density of the
nanowires. In Fig. 1 the SEM side view images are
presented for four of the Mg doped samples. The NW
samples exhibit roughly four distinguished morphology
regimes. At lower growth temperatures (665 °C to 685 °C)
an almost compact layer made up of coalesced NWs with a
height of approximately 570 nm is formed. Out of this
layer a few rather long wires emerge (Fig. la). In the
intermediate temperature range 725 °C to 755 °C a
trimodal NW growth mode is observed. The length of
most wires was found to be around 600 nm with an
average diameter of about 60 nm. A number of thin NWs
are ol observed that exhibit a much higher aspect ratio

= ‘1‘.-?25 °c?

Fig.1. a) — d) SEM side view images (tilt = 45°) of

GaN:Mg NWs grown at different temperatures Ts. The

insets are top view SEM images of the corresponding

samples at the same magnification containing 26, 32 and

46 wires for the insets b), c) and d) respectively. The

number of wires in the inset of a) cannot be evaluated as
it is an almost compact layer.

A third class of NWs is present with wires that have a
length below 400 nm and small diameters below 40 nm.
This can be seen in the histogram of Fig. 2a where the
peak around 600 nm in length represents the first class of
wires, while the counts at 850 nm and above originate
from the wires with an increased aspect ratio. At elevated
Ts (785 °C) nanowires are well separated and show a
narrow  quasi-cylindrical shape. At even higher

temperatures a significant decrease in diameter, length, as
well as density (results not shown here) are observed, due
to Ga desorption as well as GaN decomposition [21].

The average length for each class of the trimodal
nanowire distribution has been calculated for all the
samples (shown in Fig. 2a). The length of the wires in the
different classes is slightly decreasing as a function of
substrate temperature as can be seen in Fig. 3a. This
behavior might be explained by the increase of the Ga
desorption rate at higher growth temperatures.
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Fig. 2. a) Histogram of the length of NWs found for

Ts = 725 °C; b) Diameter and length correlation for the

same data set. The color code indicates the trimodal
distribution.

We can identify a suitable temperature window
(725 °C - 785 °C) for the growth of Mg doped GaN NW,
using as the only criterion the best quasi-cylindrical
morphology. The lower limit of the growth temperature
for the used growth parameters is defined by the formation
of an almost compact layer at Ts < 725 °C, and the upper
limit is determined by the Ga desorption rate which
becomes the dominating process at Ts = 800 °C.
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Fig. 3. a) Average length for each wire class as a

function of temperature. The error represents the

standard deviation, the dashed lines are guides to the

eye; b) Density of wires as a function of substrate

temperature. The data are calculated from SEM images
showing an area of 4 pm?,

The NW density increases with Tg within the
temperature range 725°C — 685°C, as can be observed in
the top view SEM images shown as insets in Fig. la-1c
and is numerically shown by the statistical data in Fig. 3b
calculated from SEM images of 4.0 pm? areas. The density
amounts to 5.5 x 10° cm™? at Ts = 725 °C, whereas it
increases to 9.5 x 10° cm™ at Ts = 785 °C. This effect is
due to a reduction of the NW coalescence at higher
temperatures because of the enhanced diffusion of Ga
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adatoms toward the NW top, and results in an reduction in
lateral growth rate in respect to the vertical one [8]. While
at lower temperatures the difference in density between
doped and undoped sample is negligible, it is more
pronounced at Tg = 785 °C and is caused by a stronger
tendency of coalescence for doped wires. Thus at this high
temperature not only the best morphology but also the
highest NW density can be reached.

In order to investigate the effect of coalescence on the
morphology of the GaN:Mg NWs TEM measurements
were performed. The TEM image in Fig. 4 shows the
bottom of a typical Mg-doped nanowire. The NWs show
few structural defects, those defects that are observed are
induced by coalescence of wires and are present close to
the base of the NWs, but once the coalescence is complete
(within a 20-30 nm) wires grow without visible
morphological defects [22]. Stacking faults or zincblende
type insertions as reported in the case of higher Mg supply
[18] were not observed in our samples.

Fig. 4. TEM image of the bottom part of a Mg-doped

GaN NW. The coalescence of formerly three wires is

completed within a few 10 nm and the strain caused by
the interfaces is relaxed at a similar length scale.

Raman spectra for Mg doped FSNWs are shown in
Fig. 5a together with peak positions of different scattering
modes in GaN taken from literature [20]. Intense and sharp
E," peak (FWHM 3.15 cm™ - 4.15 cm™) can be seen in all
spectra, as well as a strong A;(TO) peak. With increasing
growth temperature A;(TO) shows a decreasing peak
intensity with respect to E,", its line shape becomes more
asymmetric with a tail at the high wavenumber side.
E|(TO) is weakly pronounced as a shoulder of the E,"!
peak.

Besides these phonon modes of GaN two additional
broad peaks of unclear origin can be observed within the
range 400 — 500 cm™. The peak around 420 cm™ might be
attributed to a vacancy related defect mode [23,24].

Furthermore, a weak Si Raman signal probably originating
from Si particles that have remained attached to the
nanowire cluster despite its removal from the substrate is
present in the spectrum of FSNW from the sample grown
at 785 °C (peak at 520 cm™).
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Fig. 5. Raman graphs of (a) Mg-doped and (b) undoped

GaN NWs grown at three different temperatures. The

positions of the Raman peaks shown here as vertical
dotted lines were taken from Ref. [20].

The Raman spectra of the undoped reference samples
are given in Fig. 5b. They show the same characteristics as
the spectra of the Mg doped samples described above.
Additionally a broad peak can be found close to the
position of the LO modes. However, quantitative
differences between Raman spectra of doped and undoped
NWs can be detected. The A;(TO) peak intensity
normalized to the E," mode is reduced for the doped
sample compared to their undoped counterparts. This is
due to the polar character of the A;(TO) mode, therefore it
is more sensitive to changes of the carrier concentration.
The sharpness of the E," which gives information about
the crystalline quality is enhanced by Mg doping as will be
discussed later on associated with the PL results.

Harima et. al. [23] studied Mg doped GaN films and
found significant changes in the Raman spectra for
increasing hole concentrations. They observed a low
frequency (< 300 cm™) continuum band arising from light
scattering of free holes and a vibrational mode at 657 cm™,
which was attributed to a Mg-N vibration. The fact that
none of these features could be observed in the spectra of
our Mg doped NWs is a confirmation that the Mg
concentration in these nanowires is low. Also in energy
dispersive x-ray spectra (EDS) acquired from isolated
NWs in a HRTEM with a 10 nm spot size, Mg signal was
lower than the detection limit.

The PL spectra for doped and undoped GaN NWs
grown under the same conditions at 785°C, 755 °C and
725°C substrate temperature are shown in Fig. 6a. The
major difference that can be observed between Mg doped
and undoped NWs is a strong enhancement of the UV
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luminescence band between 3.00 eV and 3.26 eV, which is
assigned to donor-acceptor pair (DAP) transitions and
their phonon replica (red shifted by 92meV) [15,19].
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Fig. 6. a) PL spectra of doped NW samples (red lines)

and undoped NW samples (blue squares) at different

substrate temperatures; b) PL intensity at 3.26 eV for
samples displayed in (a).

In the PL signal of the samples grown at different
substrate temperatures the relative intensity of the UV
band in respect to the near band edge peak is increasing as
the substrate temperature is decreasing. Since undoped
GaN nanowires show an unintentionally n-type doping
[25] the increase in the UV-band ascribed to a DAP
transition is most likely due to an enhanced concentration
of acceptor states caused by the Mg dopant. As pointed out
in Ref. [15] the PL spectra within the DAP range have also
a contribution from a broad emission (peak at 2.95 eV)
associated with defects. This broad peak is increased at
lower deposition temperatures and partially covers the
DAP contribution.
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Fig. 7. a) Integrated signal of the excitonic peak of doped

and undoped NW samples between 3.37 eV and 3.55 eV

at different substrate temperatures; b) FWHM of the E,"

of doped and undoped NW samples at different substrate

temperatures, the dashed line is a guide to the eye.

For a given temperature Ts, the intensity of the onset
peak of the UV-band at 3.26 eV in respect to the excitonic
peak is significantly modified by Mg incorporation into
the wires and can be used as a measure of Mg
incorporation. However, the evaluation procedure
proposed here using the DAP peak cannot be used to
compare samples obtained at different Ts, because
additional effects like for example the temperature
dependence of the unintentional donor state formation and
also the defect band at 2.95 eV effect the PL spectra in the
DAP energy range. The luminescence intensity of the UV
band as a whole in doped wires increases for lower Ts (see
Fig. 6b). Its relative intensity compared to the near band
edge peak of both doped and undoped NWs behaves
likewise. The reduction in Ts causes a broadening of the
exitonic peak (at 3.4 eV, Fig. 6a) and a decrease in total
luminescence efficiency (Fig. 7a) due to degradation in
material quality. As we can see from Fig. 7a, the
efficiency of the excitonic emission is increased by Mg
incorporation at low temperatures. On the contrary, at high
deposition temperature, the efficiency is reduced in Mg
doped samples. We can conclude that apparently the
crystal quality of the NWs is improved at low deposition
temperature by Mg doping and it is reduced for high
temperatures. The additional disorder due to doping could
explain the reduction of the crystal quality at high
temperature. At low temperatures, as discussed above, Mg
doping results in a stronger coalescence, and thus many
bulk-like single crystal columns with bigger diameter are
formed. The increase of the crystal size, which has a
benefit for the optical efficiency, may overcome the effect
of the doping-induced disorder. These results are in
agreement with Raman measurements. The FWHM of the
E," Raman peak decreases with Tg for both doped and
undoped NWs, showing an increase of the crystal quality
at higher temperatures (Fig. 7b, data extracted from Fig.
5). Similarly to the PL measurements, Mg incorporation
effect on FWHM of the E," Raman peak has a non-
monotonic dependence (Fig. 7b), resulting at low
temperatures in lower FWHM values for doped samples,
which corresponds to a better crystal quality, while at
higher temperature a reverse effect is observed.

4. Conclusions

In conclusion, we have investigated the effect of the
substrate temperature on the optical and morphological
properties of Mg doped GaN NWs in comparison to their
undoped counterparts. Mg at low doping levels can be
incorporated into catalyst-free MBE grown GaN NWs,
preserving the columnar morphology within the growth
temperature range 725°C-785°C. A trimodal statistical
distribution of the NW length was observed and discussed.
The NW coalescence takes place close to the NW base for
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Mg doped samples, and its probability increases at low
temperatures resulting in a decrease of the NW density.
Low Mg doping used in this paper leaves Raman spectra
only slightly modified while influencing considerably PL
emission. PL shows clearly the Mg incorporation into the
NWs by an order of magnitude increase of the DAP
emission. This sensitivity can be used for the detection of
the Mg doping, and the ratio of DAP and excitonic peak
intensities might offer a comparative evaluation at a
specific temperature, for low doping levels.
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