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GaN nanowires were grown without any catalyst by plasma-assisted molecular beam
epitaxy. Under supply of Mg, nanowire nucleation is faster, the areal density of
wires increases to a higher value, and nanowire coalescence is more pronounced
than without Mg. During nanowire nucleation the Ga desorption was monitored insitu by line-of-sight quadrupole mass spectrometry for various substrate temperatures.
Nucleation energies of 4.0±0.3 eV and 3.2±0.3 eV without and with Mg supply were
deduced, respectively. This effect has to be taken into account for the fabrication of
nanowire devices and could be employed to tune the NW areal density. Copyright
2012 Author(s). This article is distributed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.3693394]

During the last decade, a considerable research effort has focused on semiconductor nanowires
(NWs), as they possess the potential for the fabrication of novel nano devices, due to their high aspect
ratio at nano scale dimensions and the possibility of integration with silicon-based technology.1 In
particular, III-N NWs are considered suitable for the fabrication of efficient light emitting diodes
(LEDs)2 but have also been employed for other devices.3–6 An approach that allows for high controllability in growing GaN NWs with good structural and optical quality is the catalyst-free growth by
molecular beam epitaxy (MBE).7, 8 In order to grow GaN NWs, higher substrate temperatures and
higher V/III ratios are employed compared with normal layer growth.9–17 The growth takes place
in two phases: the formation of NW nuclei and the subsequent growth of the NWs.18–20 Gaining
control over the initial nucleation phase is critical, as it determines many properties of the GaN NWs
such as their density for instance.21 A delay in the formation of GaN NW nuclei after opening the
shutters of the MBE, also called incubation time, has been observed by several groups.20–26 Such a
delay is also present in the case of catalyst-assisted NW growth.27–29 Yet for the GaN NWs grown
without any catalyst, the origin of the incubation time during the nucleation process is still under
investigation.
In this paper, we report on how the supply of an atomic species, in this case Mg, affects NW
nucleation and in particular the duration of the incubation time. Given the paramount importance of
the nucleation phase, any additional insight and/or way how to control nucleation is of high relevance
both from a fundamental point of view and for applications. More specifically, Mg is commonly
used as a p-type doping atom and thus its influence on the growth mechanism of GaN NWs is of
importance for the realization of devices within these NWs.30 Even though Mg doping for LEDs
is commonly conducted at the end of the growth other devices such as n-Si/p-GaN heterojunctions
for heterojunction photovoltaic cells5 and p-Si/p-GaN/n-organic hybrid solar cells6 might require
Mg doping at the beginning of the growth. Moreover, for spin-LEDs it is absolutely necessary to
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perform hole injection through the substrate because the spin-lifetime of holes is very short and spinpolarization of the electrons through a ferromagnetic top contact is at the moment inevitable.31, 32
Spin-LEDs based on GaN NWs coated by Fe are a potential future application,33 and to realize such
a device control of Mg doping in the nucleation stage needs to be achieved.
Here, the incubation time and its evolution with the growth temperature are monitored by a
line-of-sight quadrupole mass spectrometry (LS-QMS) to detect the Ga desorbing from the substrate
and by reflection high-energy electron diffraction (RHEED).23 These results are correlated with the
statistical analysis of the NW areal density of samples grown for short times. We find that NW
nucleation occurs much faster under the supply of Mg.
Catalyst-free GaN NWs were grown on Si(111) by plasma-assisted MBE. The N/Ga flux ratio
of 6.5 was kept constant for all samples. Prior to growth, the native Si oxide was removed in
situ by the deposition of a Ga layer which was subsequently desorbed by raising the temperature
until the Si(111) 7 × 7 reconstruction was observed by means of RHEED, and then the Si surface
was nitridated for 5 minutes. Two sets of GaN NW samples were grown. The first set was a time
dependence series for the investigation of the nucleation phase with the following growth parameters:
substrate temperature (TS ) of 790 ◦ C, nominal growth rate of Ga of 2 nm/min and N of 13 nm/min.34
For the second set of samples, TS was varied between 760 ◦ C and 806 ◦ C using the same Ga and N
rates employed for the first set. Both series were grown twice, once with Mg supply and once without.
The Mg source was set to 300 ◦ C, which yields a beam equivalent pressure of 2.5 · 10−8 mbar. The
Mg shutter was opened simultaneously with the Ga shutter. Subsequent to growth, scanning electron
microscopy (SEM) top view and cross-section images were taken.
Based on the SEM top view images of as-grown samples obtained for different growth durations, a statistical analysis of the areal density of the NWs was carried out. In Fig.1, the NW
density on the samples grown under Mg supply (blue squares) and the ones with undoped GaN
(green circles) is plotted versus the growth time. Both, the series with Mg supply and the one
without show the characteristic behaviour of GaN NW growth described by other authors.20–25 In
the initial phase, an incubation time can be observed during which no wire growth takes place.
Subsequently, the nucleation phase follows, this causes a rapid jump in NW density on the substrate
surface to values above 4 · 1010 cm−2 in both cases. For longer deposition times, the NW density
decreases due to coalescence of closely spaced NWs.20, 35 Widely spaced wires, however, continue to
grow separately.
Comparing the results of the two series, it is evident that the nucleation under Mg supply is
more rapid. In fact, the maximum NW density is reached earlier than it is the case for the undoped
samples. This is underlined by the SEM top view images of the samples grown for 7.5 minutes
shown in Fig.1. At the same time the tendency to coalesce is much stronger for the Mg doped wires
(GaN:Mg) compared to their undoped counterparts (GaN). This tendency of stronger coalescence
has been previously observed and has been linked to an enhanced lateral growth rate.30, 36, 37 The
observation is confirmed by SEM top view images shown in Fig. 1, associated with the samples
grown for 20 minutes. The higher absolute NW density during nucleation implies also that the NW
nuclei are more closely spaced in the case that Mg is supplied. This phenomenon along with the
higher lateral growth rate also drives the observed enhanced coalescence as NWs touch each other
much earlier during growth.
Fig.2 shows the typical LS-QMS signal observed for 69 Ga during the nucleation of GaN NWs
with and without Mg supply and otherwise identical conditions. The origin of the time axis was
chosen to be the opening of the Ga shutter. Prior to this, the signal settles on a background value
that is determined by the N2 supply to the plasma source and its stabilization. Upon opening of the
shutters, the 69 Ga signal increases rapidly and settles again at a value which we define as pinc , in
this case at 1.3 · 10−10 mbar. The growth stage in which the signal stays constant can be associated
with the incubation time, as no RHEED pattern indicating GaN is observed.23 The absolute level
of this signal and the duration of the incubation time depend strongly on the growth temperature as
well as the Ga flux. Subsequently, the nucleation phase takes place evidenced by the decrease in the
69
Ga signal. The reason for the decrease of the signal is that the Ga atoms form GaN nuclei and
are incorporated into existing nuclei. The rate at which the later process occurs strongly depends
on the number of already formed nuclei. Finally, once nucleation has finished, the Ga desorption
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FIG. 1. (color online) The density of NWs on the samples is plotted against the growth time for both Mg-doped (blue squares)
and undoped samples (green circles). The insets show SEM top view images of the indicated samples. The lines serve as a
guide to the eye only.

and therefore also the incorporation rate stabilize at values which remain constant throughout the
entire growth run. For the samples presented in Fig.2, this level we define as pstab is at around
4.5 · 10−11 mbar. In this stage, the amount of incorporated Ga does not depend on whether Mg is
supplied or not.
While the qualitative behaviour of the LS-QMS signal is quite the same for GaN and GaN:Mg
a striking difference in the rate with which nucleation occurs is observed. In the case of GaN:Mg,
the nucleation phase is much shorter. In order to quantify this nucleation rate, the LS-QMS signal
was analyzed in more detail. In particular, the slope of the 69 Ga desorption decrease is of interest.
In the intermediate stage between saturation and incubation time, this decrease is almost linear.
As the absolute values of the saturation level may vary due to differences in background pressures,
the pressure difference defined as pdiff = pinc − pstab , is determined. With this information,
 the
times when the LS-QMS signal reaches a partial pressure level of p(t1 ) = pstab + 23 · pdiff and


p(t2 ) = pstab + 13 · pdiff are extracted. Between these pressure levels, the LS-QMS signal decrease
is almost linear in all cases (see Fig.2 for comparison). The difference τ = t2 − t1 between these
two times gives an indication on the steepness of the signal slope. The bigger τ is the longer it takes
to form nuclei and to get into a stable growth regime where supply and incorporation/desorption of
Ga do not change anymore over time.
This determination of τ was carried out for all doped and undoped samples grown at different TS .
In Fig.3, the data are presented in an Arrhenius plot in order to determine the nucleation energy.38, 39
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FIG. 2. (color online) The partial pressure of 69 Ga as detected by the LS-QMS is plotted versus the growth time for two
samples, one with (blue) and one without (green) Mg supply.

FIG. 3. (color online) Arrhenius plot of τ as defined in Fig. 2 for samples grown with (blue squares) and without (green
circles) Mg supply. Both data sets were fitted (solid line) with the exponential function τ (TS−1 ) = A · exp(−E · (k B TS )−1 ).

Throughout the whole TS growth window (760 ◦ C - 806 ◦ C), the nucleation rate of the GaN:Mg
samples is consistently higher. Moreover, the exponential fit of the respective Arrhenius plot yields
a lower nucleation energy for GaN:Mg of 3.2 ± 0.3 eV compared to the one for GaN of 4.0
± 0.3 eV. The absolute value for GaN differs from the one pulished earlier by Consonni et al. 25 due
to different methods in overcoming the difficulty of temperature calibration.
The interpretation of nucleation energies is not straightforward because they describe the convolution of different phenomena like the activation energy for surface diffusion, activation energy for
desorption and the dissociation energy of a critical nucleus.38, 39 At the same time, those phenomena
are not all directly accessible while the nucleation energy is a measurable quantity. Our determination
of the nucleation energies with and without Mg shows first of all that there is a systematic difference
between the two cases. Moreover, the difference of 0.8 eV between the two energies gives an indication of the stabilizing nature of the Mg atoms: It is evident from the difference in the nucleation
energy that GaN:Mg is less sensitive to temperature change than pure GaN. This observation and
the enhanced nucleation rate suggest that Mg acts as a stabilizer for the forming nuclei. Lymperakis
et al. asserted that stoichiometric non-polar GaN surfaces are intrinsically unstable against atomic
N and therefore Ga adatom incorporation events are more probable on the c-plane surface.40 This
balance might shift with Mg acting as a stabilizer for N atoms allowing a higher lateral growth
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rate and more rapid nucleation. Such an effect could also explain the enhanced lateral growth rate
observed in this study and elsewhere.36, 37
In summary, the nucleation behavior of Mg-doped GaN NWs and their undoped counterparts
has been compared. A much more rapid nucleation (shorter incubation time) along with a higher
number of NW nuclei is observed if Mg is supplied. Under the employed growth conditions,
the energy E for nucleation was deduced to be E GaN = 4.0 ± 0.3 eV for undoped GaN and
E GaN:Mg = 3.2 ± 0.3 eV for GaN grown with Mg supply.
Beyond the implications for device design and p-type doping of GaN NWs this peculiar nucleation behavior of GaN NWs under Mg supply can be employed to control NW sizes and densities
within the self-assembled process. Moreover, the effect might proof to be helpful for controlling selective area growth, where the selectivity is to a large extent determined in the nucleation
phase.14, 15, 41, 42 In particular, selective area growth has been achieved by combining a mask on which
the incubation time is very long with holes to an underlying material on which the incubation time
is short.14, 15 As long as the total growth duration is shorter than the incubation time on the mask,
NWs grow only in the holes. Thus, the strong effect of Mg on the incubation time that we report
here widens the range of possibilities to fine-tune selective area growth. Finally, the effect reported
here may very well hold true also for other atomic species. Therefore, the supply of several atomic
species during nucleation can be used as a tool to design the NW ensemble according to specific
needs.
We are grateful to C. Herrmann, G. Jaschke, and H.-P. Schönherr for their dedicated maintenance
of the MBE system and to A.-K. Bluhm for the scanning electron micrographs. This work has been
partly funded by the German government BMBF project MONALISA (Contract No. 01BL0810).
We thank C. Somaschini for careful reading of the manuscript.

1 C.

M. Lieber and Z. L. Wang, MRS Bulletin 32, 99 (2007).
Kikuchi, M. Kawai, M. Tada, and K. Kishino, J. J. of Appl. Phys. P.2 43, L1524 (2004).
3 Y. Huang, X. Duan, Y. Cui, and C. Lieber, Nano Lett. 2, 101 (2002).
4 J. Ebbecke, S. Maisch, A. Wixforth, R. Calarco, R. Meijers, M. Marso, and H. Lüth, Nanotechnology 19, 275708 (2008).
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16 O. Brandt, C. Pfüller, C. Chèze, L. Geelhaar, and H. Riechert, Phys. Rev. B 81, 045302 (2010).
17 S. Fernández-Garrido, J. Grandal, E. Calleja, M. A. Sánchez-Garciá, and D. López-Romero, J. Appl. Phys. 106, 126102
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21 V. Consonni, M. Knelangen, A. Trampert, L. Geelhaar, and H. Riechert, Appl. Phys. Lett. 98, 071913 (2011).
22 S. D. Carnevale, J. Yang, P. J. Phillips, M. J. Mills, and R. C. Myers, Nano Lett. 11, 866 (2011).
23 C. Cheze, L. Geelhaar, A. Trampert, and H. Riechert, Appl. Phys. Lett. 97, 043101 (2010).
24 O. Landre, C. Bougerol, H. Renevier, and B. Daudin, Nanotechnology 20, 415602 (2009).
25 V. Consonni, A. Trampert, L. Geelhaar, and H. Riechert, Appl. Phys. Lett. 99, 033102 (2011).
26 R. Mata, K. Hestroffer, J. Budagosky, A. Cros, C. Bougerol, H. Renevier, and B. Daudin, J. Cryst. Growth 334, 177 (2011).
27 T. Clement, S. Ingole, S. Ketharanathan, J. Drucker, and S. T. Picraux, Appl. Phys. Lett. 89 (2006).
28 A. F. i. Morral, C. Colombo, G. Abstreiter, J. Arbiol, and J. R. Morante, Appl. Phys. Lett. 92 (2008).
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