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Abstract

Boron incorporation in gallium nitride (GaN) semiconductors affects their physical properties, such
as the bandgap and lattice parameters. However, the macroscopic electrical behavior of BGaN
remains largely unexplored. In this study, Mg-doped p-type BGaN epitaxial layers were grown by
metal-organic chemical vapor deposition (MOCVD) and characterized using Hall effect and van der
Pauw measurements over a temperature range from liquid nitrogen temperature up to 277 °C. The
results reveal a monotonic dependence of conductivity on temperature, consistent with nearest-
neighbor hopping (NNH) conduction, quite similar to that observed in Mg-doped GaN. Unlike in
BGaN, the transition between NNH and free-carrier conductivity occurs at a higher temperature,
which is attributed to a higher defect concentration. These findings provide new insight into how
boron incorporation influences the electronic properties of gallium nitride-based materials and offer
valuable guidance for future electronic and optoelectronic applications.
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1. Introduction

Ternary BGaN and quaternary BInGaN compounds are currently of interest because Boron can
affect the physical properties of GaN-based nitrides, especially their bandgap, lattice parameters and
dielectric constant. BGaN compounds may then be useful for the production of new electronic or
optoelectronic devices [1-5]. Although the optical properties of BGaN have been previously
described in the literature, their electrical properties remain largely unexplored and
undescribed.There are some papers devoted to studies of B influence on structural and optical
properties of BGaN [6,7], and dependence of B concentration in BGaN layer on crystal growth
conditions [4]. As was recently revealed, the B concentration in BGaN grown by Chemical Vapor
Deposition (CVD) methods depends strongly on growth temperature [8]. At a low growth
temperature of 700 °C, B concentration can reach a few percent, but increasing temperature to near
1100 °C, the concentration reduces reasonably near or below 1% [8]. Nevertheless, such boron content
significantly increases the electrical resistivity as it causes the formation of deep defects, which leads
to a resistivity of 105 Qcm, characteristic of a semi-insulating material. Although unusual changes in
resistivity of BGaN films versus B concentration have been partially characterized [9], BGaN layers
intentionally doped for n- and p-type have not been found in the literature so far. The effect of boron
on p-type conductivity GaN is investigated here for the first time. We characterize electrical transport
properties of Mg-doped BGaN film using van der Pauw and Hall effect methods in temperature range
from -192 °C (LN2) up to 277 °C. The main aim of the experimental research on the properties of
electric transport is to compare the macroscopic electrical properties of p- type doped BGaN, with
those of the well-known properties of p-type GaN.
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2. Experimental

BGaN epitaxial structures were fabricated using the AIX 200/4 RF-S reactor MOCVD from
AIXTRON. The multilayer stack consisted of AIN(NL)/AIN/GaN/GaN:S5i/BGaN:Mg was grown on
Cryscore 2" Al2Os substrates with 0001 SSP orientation. Before the growth, substrate was annealed in
N2 at 850 °C for 30 min. Next an AIN nucleation layer (NL) was deposited at 715 °C, 50 mbar, followed
by an AIN layer (727 nm) grown at 1180 °C, 50 mbar. A GaN layer (636 nm) was deposited at 1140
°C, 200 mbar, and the final BGaN:Mg layer was grown at 1050 °C and a pressure of 900 mbar, using
TEB, TMGa, NHs, and Cp2Mg precursors.

Electrical properties were characterized using a Hall Effect Measurement System
(HMS5000/AMP55T) with the Van der Pauw method. The system measures carrier concentration,
mobility, resistivity, and Hall coefficient over a temperature range from 80 K to 550 K under a 0.55 T
magnetic field, it is compatible with square samples with edge length in range from 5 mm to 20 mm.

3. Results and Discussion

Hopping conduction among impurity sites remains a subject of ongoing debate and is not yet
fully understood in doped GaN materials. In particular, the dependence of the Hall coefficient on
hopping transport mechanisms still requires further investigation [11]. This uncertainty arises mainly
from the insufficient number of experimental studies that could validate existing theoretical models.
However, it is worth mentioning, for example, the experimental works described in [11-16], which
provide valuable experimental analyses of this topic. The lack of data is especially evident for highly
resistive BGaN materials, which have so far not been extensively investigated so far.

In group III and IV semiconductors (such as GaN), the ionization energies of hydrogen-like
impurities are relatively high due to the large effective masses of charge carriers [11]. Consequently,
hopping conduction between impurity sites becomes more prominent [17].

Therefore, a key part of our research was to investigate the electrical properties and conduction
mechanisms in Mg-doped p-type BGaN and Si-doped n-type BGaN, using Hall effect measurements
across a range of temperatures. Before presenting the results from this part of our study, we would
like to summarize—following [11], the existing conduction models and provide a brief overview of
the topic. In our description, we adopt the view that the measured conductivity (o) is a simple sum
[11] of contributions from both hopping transport and conventional free carrier transport as follow

g = O'f + o hop €))
A similar relationship is observed in the case of the Hall coefficient

where 0 refers to conductivity, R stands for the Hall coefficient and the indexes: hop, f—refer to
hopping and free carrier contributions, respectively.

The proportion between free carrier and hopping conduction changes with temperature.
Therefore, by adjusting the temperature range during measurements, we can gain insights into which
conduction mechanism is dominant under specific conditions. This analysis was performed, and the
results are presented later in this section.

Before discussing the results, we would also like to highlight again, based on [11], the main
mechanisms of hopping conductivity. At least three distinct types of hopping conduction can be
identified, which are characterized by different temperature dependencies [11,18]: Efros —Shklovskii
(E-F) Variable Range Hopping (VRH), Mott Variable—Range Hopping (VRH) and —nearest neighbor

hopping (NNH).
1
In the case of the E-F VRH we can expect a linear relationship of the ln(UhOpT) against the —,
T2
since the hopping conductivity
Ohop = €NMpoplhop 3)
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and the [p,y, mobility of the hopping carrier of charges is given by the

= o (%) e |- (2],

where T is the temperature, and the ly, Tgg are adjustable parameters [11]. This type of electric
transport is more likely to occur in the case of the n-doped GaN [11,19,20]. In [11] this relationship,
was fitted to the mobility data from measurements, which made it possible to distinguish the change
from free carrier mechanism to the hopping conductivity at around 40K, in case of Si-doped GaN.
Measurements of BGaN at such low temperatures were inconsistent due to a significant increase in
resistance. Therefore, in the case of Si-doped BGaN, we are only able to state that within the available
temperature range 300 — 540K , we observed a single conduction mechanism. Based on
comparisons with existing research [6] and the typical behavior of conductivity, this mechanism is
attributed to free carrier transport.

In the case of p-doped group Il and IV semiconductors, such as Mg-doped BGaN, the dominant
hopping transport mechanism is nearest-neighbor hopping (NNH) [11,21-25]. The NNH model was
fitted specifically for Mg-doped GaN in [11]. Similarly to the E-S VRH the dependence from the
temperature dependence can be used as an indication of the transition from free carrier conduction
to the NNH. In the case of the NNH one expect the linear dependency

3
O-hOpTE (5)
1
against the p= [6]. Since in the case of the NNH [11]
= d th = I)z (& 6)
Uhop - enhopﬂhopan € .uhop - ﬂhop,o T exp /)l

In our case we obtained linear, characteristic for NNH and the transition at temperature around
245K, which is a little bit higher than the temperature ~190 K, obtained in the work [11] for Mg doped

3
GaN. In Figure 1. we present the fitted dependence of the 0,5, T2 for Mg doped BGaN sample.
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Figure 1. Natural logarithm of the product of conductivity and temperature (In(o - T3'2) plotted as a function of
inversed temperature (1/Temperature). The graph indicates a transition from nearest-neighbor hopping (NNH)

conduction to free carrier transport for temperatures above 245 K.

Additional Hall measurement was conducted for higher temperatures, up to 540 K, and it
confirmed the linear dependence of the function versus inversed temperature. Figure 2 presents the
resistivity of the p-BGaN layer as a function of temperature. The resistivity decreases with increasing
temperature, which is attributed to the rising concentration of charge carriers. This behavior is
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illustrated in Figure 3 and it is characteristic for holes concentrations and free carrier transport in this
temperature range. However, the hole concentration seems not to be high enough for a hole injection
layer in the LED structure, but such a layer can work promisingly as an EBL (electron blocking layer)
layer in UV LEDs build on the BGaN n-p junction leading to a reasonable increase in the quantum
efficiency of the electroluminescence diode [26].
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Figure 2. Resistivity of p-BGaN layer as a function of Temperature at higher range.
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Figure 3. Holes concentration nn as a function of Temperature.

4. Conclusions

In summary, Hall measurements performed in the van der Pauw configuration revealed a
relationship between the macroscopic electrical parameters of Mg-doped BGaN comparable to that
observed in p-type GaN [11]. A linear dependence of conductivity on temperature was identified,
providing further evidence of nearest-neighbor hopping (NNH) conduction in p-BGaN, analogous
to that in p-GaN. Notably, the transition from NNH to free-carrier conduction occurs in p-BGaN at a
higher temperature than in p-GaN, which may be attributed to defects with reasonable
concentrations in BGaN layers as they were recently observed and published [8].
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