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The paper reports on plasma-assisted MBE growth of good quality

N-face GaN layers directly on c-Al2O3 substrates. Growth kinetics under

different growth conditions (substrate temperature, Ga to activated nitro-

gen flux ratio, etc.) during deposition of GaN(0001) and GaN(0001̄) both

by the ammonia-based MBE or plasma-assisted MBE was studied. It was

found that atomically smooth surface of 1 µm thick GaN(0001̄) films can be

achieved by plasma-assisted MBE at the relatively high substrate tempera-

ture TS ≈ 760◦C and Ga to activated nitrogen flux ratio FGa/FN∗ ≈ 1.8.

PACS numbers: 78.55.Cr, 81.05.Ea, 81.15.Hi

1. Introduction

Plasma-assisted molecular beam epitaxy (PA MBE) is one of the main
growth techniques of group-III nitrides. It allows one to grow the GaN films with
either N- or Ga-polarity depending on the type of substrate or buffer layer [1].
The growth of Ga-face GaN has been found to be preferable for most device appli-
cations, since it usually promotes a two-dimensional growth mode with the atom-
ically smooth surface. In contrary, most researchers avoid the N-polar GaN layers
possessing as a rule the rough surface morphology preventing their device appli-
cations. However, there is a great interest in using N-face (0001̄) films in AlGaN
heterostructures for high electron mobility transistors. In this case the internal
polarization fields have opposite directions to those in the conventional Ga-polar
structures, that can result in different carrier distribution and improve the output
transistor characteristics [2, 3]. Also, usage of GaN(0001̄) instead of GaN(0001)
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as a buffer layer results in smoother morphology and better quality of InN epi-
layers [4]. Recently, some advantages of N-face InGaN/GaN multi-quantum well
structures emitting in green have been reported [5].

The paper reports on the comparative study of growth kinetics of GaN films
of different polarity grown by either ammonia-based MBE (NH3-MBE) or PA
MBE on c-sapphire at different substrate temperatures (TS), group III (Ga) to
active nitrogen flux ratios (FGa/FN∗), etc. The results on optimization of PA
MBE growth conditions to improve the surface morphology of GaN(0001̄) layers
and their optical and electrical properties are presented.

2. Experiment

The experiments were carried out using the MBE Compact 21T (Riber) setup
equipped with both an NH3 injector and a plasma source HD-25 (Oxford Appl.
Res.) to realize either NH3-MBE or PA MBE, respectively. In the former case,
1 µm thick GaN epilayers were grown on the annealed and nitridated c-sapphire
substrates at growth rate of ≈ 1 µm/h. 130 nm thick GaN layers grown at low
temperature (TS ≈ 500◦C) and annealed afterwards at TS = 850◦C for 10 min
were used as nucleation layers [6]. Different NH3-fluxes (≤ 200 sccm), substrate
temperatures (TS ≤ 860◦C) and FGa/FN∗ ratios (down to 1/30) were employed.

GaN epilayers grown by PA MBE were deposited directly on the an-
nealed (TS ≈ 800◦C) and plasma-nitridated c-sapphire substrates or 3 µm thick
GaN(0001)/c-Al2O3 templates grown by metal-organic chemical vapor deposition
(MOCVD). The rf-power (Q) was varied within the 110–180 W range at the con-
stant N2 flow rate of qN2 = 5 sccm, that allows one to linearly regulate GaN growth
rate from 0.2 up to 0.7 µm/h, respectively [7]. GaN films were grown at TS and
FGa/FN varied within the ranges of 650–820◦C and 0.7–1.8, respectively.

The substrate temperature was measured by an IR-pyrometer. In situ laser
interference reflectometry and reflected high energy electron diffraction (RHEED)
was used to monitor the growth rate, surface morphology and stoichiometry. GaN
surface polarity was identified by the standard technique based on observation of
GaN film morphology after its chemical etching in 2 M NaOH for 10 min at room
temperature. GaN surface morphology was studied by using scanning electron
(SEM), scanning tunneling (STM), atomic force (AFM) and transmission electron
(TEM) microscopes. Optical and electrical properties of the GaN films were char-
acterized by photoluminescence (PL) spectroscopy and the Hall measurements.

3. Result and discussion

The GaN stoichiometric growth conditions (FGa/FN∗ ≈ 1) in the case
of NH3-MBE were defined using observation of the transition from N-rich to
Ga-rich growth using RHEED at the decrease in the ammonia flux and fixed FGa

and TS. This transition accomplishes by an abrupt decrease in a GaN growth rate
to zero (Fig. 1a) due to formation of Ga blocking layer on the GaN surface [8].
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Fig. 1. Determination of stoichiometric conditions during growth of GaN by (a) NH3-

-MBE (TS = 800◦C); (b) PA MBE (TS = 700◦C).

For PA MBE the analogical transition was observed during gradual rising of FGa

at the fixed Q, TS and nitrogen flow rate qN2 , and the FGa/FN∗ ≈ 1 conditions
correspond to the beginning of saturation in the GaN growth rate dependence on
FGa, as shown in Fig. 1b.

It has been found that different stoichiometric conditions should be kept
for two-dimensional (2D) growth of GaN by NH3-MBE and PA MBE. The former
must be run at the N-rich conditions with FGa/FN∗ ≤ 1/30 (qNH3 ≥ 200 sccm) and
rather high TS > 800◦C. On the contrary, in the later case only slightly Ga-rich
conditions with FGa/FN∗ ≈ 1.1–1.3 lead to the 2D growth of the GaN films with
atomically smooth surface at TS = 700◦C, while the higher values of FGa/FN∗ are
required at the elevated TS (FGa/FN ≈ 1.8 at TS = 760◦C).

Figure 2 shows different dependences of GaN growth rate versus TS for both
kinds of MBE technology. In the case of NH3-MBE the GaN growth rate at the
fixed FGa, qNH3 giving FGa/FN∗ ≈ 1/30 begins to drop at TS > 820◦C (Fig. 2a)
and shows the activation energy of ≈ 4.5 eV. This value reflects presumably the
enthalpy of GaN decomposition under the N-rich conditions and correlates well
with previously reported data (≈ 4.0 eV) on GaN metal organic vapor phase
epitaxy (MOVPE) growth [9]. For PA MBE, the growth rate starts to decrease
at lower temperature TS ≈ 750◦C (Fig. 2b), as the growth occurs at much higher
FGa/FN∗ ratio. The observed activation energy around 3 eV is close to that of
elemental Ga evaporation (≈ 2.72 eV, see e.g. [10]), that implies involving of both
solid and liquid phases in Ga desorption from the GaN growth surface.

The chemical etching experiments revealed Ga- and N-polarity of the GaN/c-
Al2O3 films grown by NH3-MBE and PA MBE, respectively. The films grown on
Ga-face GaN-templates had the same (i.e. Ga-) polarity.

Study of the surface morphology revealed that GaN/c-Al2O3 films possess
the grain features governed by a type of MBE process used and growth conditions.
Figure 3a shows an AFM-image of the GaN film grown by NH3-MBE at TS =
820◦C and FGa/FN∗ = 1/30, corresponding to the onset of GaN decomposition
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Fig. 2. In situ measurements of GaN growth rate versus substrate temperature during

(a) NH3-MBE at fixed FGa, qNH3 and FGa/FN∗ ≈ 1/30; (b) PA MBE at fixed FGa, qN2 ,

Q and FGa/FN∗ ≈ 1.2.

(Fig. 2a). This layer is characterized by root mean square (rms) roughness of
5 nm and 0.4 nm over 3× 3 µm and 200× 200 nm, respectively. The similar grain
features were found for GaN(0001̄) grown by PA MBE. Films grown at the low
TS = 700◦C show smaller grains with the characteristics lateral size L ≈ 1 µm
and rms ≈ 6.5 nm over 5× 5 µm (Fig. 3b). At this TS the parameters of the films
might be improved by increasing FGa only, but it was accompanied by undesirable
formation of Ga microdroplets. To overcome this problem the higher TS = 760◦C
was used that requires the FGa/FN∗ ratio to be as high as 1.8 to keep the 2D
growth mode. The N-face GaN layers grown under the higher TS demonstrated
larger grain size and smoother morphology (L ≈ 1.5 µm with rms of 3.4 nm and
< 0.5 nm over a 5× 5 µm and 200× 200 nm areas, respectively), comparable with
the typical morphology parameters of Ga-face GaN grown by PA MBE or NH3-
-MBE (Fig. 3c). Figure 3d demonstrates the STM image of the GaN(0001) layer
grown by PA MBE atop of the MOCVD template substrate at TS = 700◦C and
FGa/FN∗ ≈ 1.3 [7]. The surface exhibits the spiral growth pattern with smooth
morphology having rms of 1.75 nm over 1× 1 µm area.

The results indicate that mechanisms of formation of adlayers with high
surface mobility are different for the type of MBE process characterized by different
growth temperature and stoichiometric conditions. For NH3-MBE, the N-rich
conditions with the benefit of large surface H coverage increases the Ga diffusion
length through the formation of mobile Ga–H complexes [11]. In the case of PA
MBE, Ga-rich conditions result in the formation of Ga adlayer providing high
surface mobility [12, 13]. The spiral morphology of the GaN(0001) film grown
atop of a GaN-MOCVD template reflects spiral growth mechanism initiated by
screw-type dislocations [14].

The low temperature (20 K) PL studies of GaN(0001̄) films revealed only the
exciton-related band at ≈ 3.47 eV with a full width at half maximum (FWHM)
of 8 and 15 meV for the films grown at TS = 760 and 700◦C, respectively. It
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Fig. 3. AFM and STM images of GaN layers grown by (a) NH3-MBE on c-Al2O3 at

TS = 820◦C; (b) PA MBE on c-Al2O3 at TS = 700◦C; (c) PA MBE on c-Al2O3 at

TS = 760◦C; (d) PA MBE on 3 µm thick MOCVD GaN template at TS = 700◦C.

should be noticed that these FWHM values are worse in comparison with those
for GaN(0001) layers grown by us on the template at 700◦C (≈ 3 meV) [7]. The
Hall measurements of N-face GaN films grown at TS = 700◦C showed the residual
electron concentration and mobility values of ne = 9.4 × 1017 cm−3 and µ =
200 cm2/(V s), respectively. The higher TS = 760◦C resulted in reduction of ne

to 2 × 1017 cm−3 at the same mobility, being still one of the order of magnitude
higher than that in the best quality Ga-face GaN films [13]. Comparative TEM
study of the PA MBE Ga-face GaN films grown on the templates and N-face GaN/
c-Al2O3 films revealed the density of threading dislocations of ≈ 2×109 cm−2 and
1.5 × 1010 cm−2, respectively. This can explain the wider PL band width and
higher residual carriers concentration in the N-face GaN films. Therefore, the
development of GaN(0001̄) PA MBE focusing on the study of initial growth stages
is of great importance to decrease in the threading dislocation density.
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4. Conclusion

It has been found that atomically smooth surface of 1 µm thick GaN(0001̄)
with the typical rms of 3.4 nm at 5 × 5 µm and grains dimension of ≈ 1.5 µm
can be obtained by PA MBE at the relatively high values of TS ≈ 760◦C and
FGa/FN∗ ≈ 1.8. PL spectra of these films are dominated by exciton related peaks
with FWHM of 8 meV at 20 K. N-face GaN/c-Al2O3 films show relatively high
residual electron concentration (ne = 2 × 1017 cm−3) and low electron mobility
(µ = 200 cm2/(V s)), that can be related to the high threading dislocations density
in these films (up to 1.5× 1010 cm−2).
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