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In this work we present the influence of low temperature gallium nitride (LT-GaN) nucleation layer
deposition and recrystallization conditions on the electrical and optical properties of buffer and ac-
tive layer of metal–semiconductor field-effect transistor (MESFET) structure. MESFET structures
were used to investigate the properties of bulk materials that determine also the performance of
many type GaN based devices, like light emitting diodes (LEDs), high electron mobility transistors
(HEMTs) and metal–semiconductor–metal (MSM) detectors. The set of n-GaN/u-GaN/sapphire
structures using different nucleation LT-GaN layers thickness and different annealing times was
deposited using AIXTRON CCS epitaxial system. In contrast to typical procedure, the high resis-
tive GaN buffer layer was not obtained by intentional Fe/Mg doping, but by specific adjustment
of GaN nucleation conditions and recrystallization process parameters that introduce carbon atoms
in epitaxial layers, that serve as donors. Generally, low pressure (below 200 mbar) in a reactor
chamber, during initial stages of nucleation and recrystallization as well as HT-GaN epitaxy, pro-
motes the growth of high resistive material. Obtained results show that annealing/recrystallization
time of LT-GaN has a significant impact on the electrical and optical properties of GaN buffer lay-
ers. Longer annealing periods tend to promote crystallization of material with higher electron mo-
bility and higher Si dopant incorporation/activation while maintaining high resistivity in u-GaN
buffer area. It was shown that the dimensions of the GaN islands, that could be influenced by the
duration of an annealing step of LT-GaN growth, have no impact on the HT-GaN buffer layer
coalescence process and material resistivity, but influences mainly electrical properties of active
n-GaN layer. Author suggests that the key parameters that are determining the buffer resistivity
are the pressure and temperature during LT-GaN annealing and buffer layer coalescence. The in-
fluence of GaN island diameters, after LT-GaN annealing, on the u-GaN resistivity was not con-
firmed. 

Keywords: GaN, nucleation, recrystallization, metalorganic chemical vapor deposition, nitrides, LED,
MSM, MESFET devices.

1. Introduction

AIII-N materials are of great interest in optoelectronic and electronic devices because
of their direct and wide band gap. Additionally, high electron saturation velocity of
2.5 × 107 cm/s in AlGaN/GaN high electron mobility transistor (HEMT) channel, high
breakdown field of 3 MV/cm and outstanding thermal stability of nitrides, make its
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heterostructures competitive to the top SiC metal–semiconductor field-effect transistor
(MESFET) devices. Although GaN light emitting diodes (LEDs), MESFETs and
AlGaN/GaN HEMTs are commercially available, there is still much potential to im-
prove devices performance mainly by improving the quality of thick buffer layers.

There are several factors that determine the applicability of AlGaN and GaN ma-
terials for devices. The principal requirement is the possibility to grow a high resistive
GaN buffer layer. The second important requirement is its optical and electrical quality.
There are other factors determining properties and usefulness of particular GaN buffer
for device, however these two requirements are general and application independent.

The influence of low temperature nitride nucleation layer on the properties of sub-
sequently grown high temperature GaN layers was extensively investigated over last
two decades [1–5]. These works were focused mainly on the crystalline quality obtained
by different sapphire substrate preparation and subsequent nucleation layer composi-
tion, thickness and growth conditions. So far there was limited information on the im-
pact of initial stages of (Al, Ga)N epitaxy on the electrical properties of the field effect
devices active structures. The increased interest in GaN based optoelectronic and micro-
electronic devices, especially in LEDs, MSMs, MESFETs and HEMTs, in the early years
of 2000 encouraged to undertake research concerning crystallization of highly resistive
buffer layers and the role of nucleation and initial stages of high temperature growth
layer in formation of electrically isolating material. The comprehensive studies in this
area are presented by several groups [6–11]. Although the formation mechanism of
highly resistive undoped buffer GaN layers by adjustment of initial stages of GaN epitaxy
is well known, there were no studies regarding the influence of the low temperature (LT)
GaN growth parameters and its annealing conditions on the electrical properties of
active layers, subsequently deposited on the buffer. This work shows that adjustment
of the parameters of nucleation layer growth and annealing has a significant impact
on the optical and electrical properties of GaN layers that are dedicated to optoelec-
tronic and microelectronic devices such as metal–semiconductor–metal (MSM) photo-
detectors, HEMTs and MESFETs.

2. Experimental details

To study the influence of the buffer layer deposition and annealing parameters on the
u-GaN buffer layer resistivity and subsequent active GaN layer electrical parameters,
the MESFET structures (n-GaN/u-GaN/LT-GaN/sapphire) were grown by MOVPE
technique using AIXTRON CCS system. Prior to material growth, C-plane sapphire
substrate was thermally cleaned by 10 min in 1100°C. After that, the sapphire surface
was NH3 treated in 540°C for 3 min, and the LT-GaN nucleation layer (28 and 46 nm
thick) was deposited. The nucleation layer was annealed during temperature ramp from
540 to 1045°C. The temperature increase time period was 180, 360 and 540 seconds.
Highly resistive HT-GaN (high temperature GaN) buffer layer (1800 nm) was grown in
1045°C and 200 nm Si doped GaN was subsequently deposited on top of the structure.
TMGa (trimethylgallium), NH3 and 100 ppm mixture of SiH4 in H2 were used as pre-
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cursors and dopant, respectively. GaN crystallization process was controlled in situ by
635 nm reflectometer. The layer scheme of investigated structures is presented in Fig. 1.

2.1. Growth studies of thin LT-GaN

Prior to relevant studies of the influence of LT-GaN annealing conditions on the proper-
ties of HT-GaN structure, the calibration procedure of LT-GaN growth was conducted.
In order to determine the thickness of thin epitaxial layers (in the range of tens of
nanometers), the new measurement procedure was proposed. In this method, the
nucleation layer was ablated by 266 nm laser to form deep trenches in the epitaxial
layer. Taking into account transparency of sapphire at 266 nm, the laser beam interacts
only with deposited GaN material, remaining sapphire unaffected. The depth profiles
of trenches were obtained by atomic force microscopy (AFM) technique and statistical
procedure was applied to estimate the height coordinates of the GaN surface and sap-
phire surface in the trenches. The scanning electron microscopy (SEM) image of the
LT-GaN surface with ablated trenches and its depth profile obtained by AFM method
are presented in Fig. 2.

LT-GaN thickness values obtained by this method were correlated with the growth
times and the in situ reflectance traces. It is worth to mention that the layer thickness

n-GaN (d = 200 nm, Nd = 2 × 1017 cm–3)

u-GaN (d = 1800 nm)

LT-GaN (d = 28, 46 nm)

Sapphire (C-plane)

Fig. 1. The layer scheme of investigated n-GaN/u-GaN/LT-GaN structures.
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Fig. 2. SEM image of the LT-GaN layer surface (a) and AFM profile of the trench (b) after laser ablation.
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is not linearly correlated with TMGa dosing time. This is caused by the initial adsorption
of precursors on the reactor wall and reduction of material crystallization efficiency
on the substrate. Aforesaid conclusion is justified by the fact that part of samples was
deposited after thermal cleaning of the reactor chamber and in that case, the growth of
LT-GaN (monitored by a reflectometer) was delayed. Both the „true” growth time (the
time at which the reflectance signal increases) and the reflectance value are correlated
with the LT-GaN thicknesses. Obtained results are presented in Fig. 3. These calibration
data were used for further study of n-GaN/u-GaN/LT-GaN/sapphire structures.

2.2. Growth and characterization of n-GaN/u-GaN/LT-GaN/sapphire

Deposited n-GaN/u-GaN/LT-GaN/sapphire structures were electrically characterized
by the impedance spectroscopy method using mercury probe [12]. Capacitance spectra
shown in Fig. 4a prove good isolation of all investigated buffer layers, however
so-called buried conductive layer occurs, that is typical of the adopted method of  high-
ly resistive buffer layers fabrication. This is observed as a relatively small parasitic
capacitance (~40 pF) at high depletion voltages. Based on C-V (capacitance-voltage)
measurements, the change of electron concentration in depleted region vs. bias voltage
(Fig. 4b), as well as electron concentration profiles in the structures (Fig. 4c) were cal-
culated. The strong influence of the LT-GaN annealing time on the efficiency of the
Si incorporation/activation is clearly shown. The total electron density in n-GaN layer
changes from 1.5 × 1012 to 3.3 × 1012 cm–2 with the increase of annealing time from
180 to 540 s. Also the calculated electron mobility in n-GaN is strongly affected by
LT-GaN layer annealing conditions (Fig. 5). For the 28 nm thick nucleation layer, the
value of electron mobility and total electron concentration saturates for the annealing
time of 360 s and is kept constant for 540 s. Whereas for the 46 nm thick layer, the
electron mobility value saturates for the annealing period of 540 s. Another conclusion
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Fig. 3. Relations between LT-GaN thickness, reflectance increase value and reflectance increase time.
Lines are a guide to the eye.
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can be formulated that despite of the LT-GaN layer thickness, the electrical properties
of subsequently grown high temperature GaN layers are the same for the annealing
time of 540 seconds. 

The variation of the Si incorporation/activation efficiency in n-GaN layer with the
annealing of LT-GaN nucleation layer suggests the influence of the annealing length
on the crystalline structure of the material. To verify this assumption, the photolumi-
nescence (PL) spectra of investigated n-GaN/u-GaN/LT-GaN/sapphire structures were
measured at room temperature. The PL spectra in the range of band to band transition
and yellow luminescence are presented in Fig. 6. It is clearly shown that regardless of
the thickness of LT-GaN layer, the band to band GaN luminescence increases with the
annealing time. The FWHM of this peak varies from 19 to 17 nm according to the an-
nealing time. The total intensity of yellow luminescence increases with the annealing
time of nucleation layer as well, however this increase is lower than the band to band
luminescence. Moreover, it proves that longer LT-GaN annealing periods tend to pro-
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Fig. 6. PL spectra of n-GaN/u-GaN/LT-GaN structures of different thicknesses and different annealing
times. Band to band (a) and yellow (b) luminescence.
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mote HT-GaN growth of better crystalline quality. In order to determine the impact of
early stages of nucleation on surface morphology, the AFM observations of investi-
gated samples were done (Fig. 7). It is clearly shown that surface defects density (vis-
ible as black dots on the AFM scans) depends on LT-GaN thickness and annealing time.
It decreases with extension of annealing period and thickening of the nucleation layer.
The lowest defects density 2.0 × 109 cm–2 is observed for 46 nm thick LT-GaN annealed
by 540 s, whereas the highest 5.1 × 109 cm–2 for 28 nm thick LT-GaN annealed by 180 s.
This is consistent with previous reports on the impact of the annealed LT-GaN grain
size on the crystalline quality and dislocation density in HT-GaN [8, 10].

The coalescence of bigger LT-GaN islands, during the annealing stage, takes more
time, what is observed on the reflectance traces as an increase of the signal to the periodic
oscillations (so-called recovery time), and results in better material quality. This is op-
posite to the mechanism of coalescence of smaller islands which promotes formation
of threading dislocations in HT-GaN. The concentration of edge threading dislocation
is closely correlated with the C atoms incorporation in the GaN what effectively enhances
material resistivity. Furthermore, process parameters of early stages of GaN epitaxy
on sapphire have a significant impact on material quality and electrical properties of
epi-structures. Bigger LT-GaN islands result in better material quality, however smaller
islands promote formation of highly resistive material, but with lower crystallographic
quality and probably lower mobility due to stronger electron dispersion mechanism.
From the point of view of devices applications this is a crucial problem. By adjusting
the LT-GaN islands size, it is possible to grow low resistive material with high electron
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Fig. 7. Surface AFM scans of n-GaN/u-GaN/LT-GaN/sapphire structures with different LT-GaN thick-
nesses and annealing times.
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Fig. 8. SEM images of annealed LT-GaN nucleation layers of different layer thickness and annealing
times.
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Fig. 9. Reflectance traces of nucleation LT-GaN layer growth, annealing and buffer HT-GaN layer coa-
lescence. The beginning of the crystallization of HT-GaN is marked with a dashed line.
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mobility or highly resistive material but also with low electron mobility. It is essential
to find growth conditions that result in both good material resistivity and good material
quality simultaneously. 

To verify the correlation between electrical properties of HT-GaN layer and growth
parameters of LT-GaN, the SEM measurements of annealed LT-GaN layers of different
thickness were carried out. Obtained results (Fig. 8) show that annealing time has a strong
impact on the size of the islands. However, differences in coalescence times of the layers
with different grain sizes were not observed (Fig. 9). Moreover, changes in HT-GaN buff-
er resistivity were not distinguishable. It means that the LT-GaN nucleation layer island
size is not the explicit parameter determining the resistivity of HT-GaN buffer layer
and other process parameters must be considered as essential during the growth of high-
ly resistive material. Observation of in situ reflectance traces proves a strong correlation
between so-called “recovery time” (layer coalescence time) and GaN buffer resistivity.

3. Conclusions

The influence of the LT-GaN nucleation layer thickness and annealing time on the elec-
trical and optical properties of n-GaN/u-GaN/LT-GaN/sapphire structures was investi-
gated. It was observed that longer annealing/migration times of LT-GaN nucleation layers
promote crystallization of optically and electrically better HT-GaN material – stronger
band to band PL, higher Si incorporation/activation and higher electron mobility. An-
nealing time of LT-GaN nucleation layer does not affect the resistivity of undoped layer
and the recovery time of reflectance signal during coalescence of buffer layer. Anneal-
ing times influence the diameter of GaN nucleation islands and surface defects density,
however have no impact on the buffer resistivity. 
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