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ABSTRACT

This work investigates the correlation between the two-dimensional hole gas (2DHG) formed at the 

p-GaN/AlGaN interface and the activation of dopants in the p-GaN layer grown on top of the 

AlGaN/GaN heterojunction. The effect of annealing environment and temperature on the activation 

of the Mg impurities within a p-GaN layer is investigated by rapid thermal processing treatments at 

temperatures ranging from 700 to 900 °C in N₂ and N₂ + O₂ environments. Samples annealed in an 

N₂ atmosphere exhibited higher sheet resistance (Rs) of 50  103 Ω/□ and lower carrier concentration 

(p) of 1.13  1018 cm-3 compared to those annealed in an N₂ + O₂ atmosphere, which had Rs = 40  

103 Ω/□ and p = 1.41  1018 cm-3 at room temperature (RT). Sheet resistance and Hall measurement 
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as a function of temperature were performed on a selected set of samples annealed in N₂+O₂ at 780, 

860, and 900 °C to assess effective dopant activation and determine Rs and p values in the p-GaN 

layer. A pristine sample was used as a reference to monitor possible variation of the Rs and p values 

upon dopant activation procedure. Analysis of the Rs and p data at T < 100 K allowed to distinguish 

between holes generated from acceptor ionization in the p-GaN layer with an average activation 

energy 129 ± 4 meV and holes in the 2DHG at the p-GaN/AlGaN interface with a hole density  

61012 cm-2. The formation and electrical properties of 2DHG were determined to be completely 

independent of the activation of Mg impurities in the p-GaN layer.

KEYWORDS: p-GaN/AlGaN/GaN heterojunction, Mg activation, H concentration, two-

dimensional hole gas (2DHG)
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INTRODUCTION

Devices based on AlGaN/GaN heterojunctions are used for high-frequency and high-voltage 

applications in the microelectronics industry, due to the peculiar electrical properties of the two-

dimensional electron gas (2DEG) which is naturally formed at the AlGaN/GaN interface 1,2 without 

any applied voltage. The creation of this 2DEG results from spontaneous and piezoelectric 

polarization of the AlGaN layer. A negative voltage supply is necessary to turn off the 2DEG. 

Normally-on transistors typically require more complex circuit designs. Consequently, significant 

effort has been concentrated on developing normally-off GaN-based transistors 3,4.

Several methods have been recently proposed for fabricating this kind of device. One of the most 

promising techniques is the formation of a deep gate recess by the local removal of AlGaN layer, 

resulting in localized depletion at the AlGaN/GaN interface 4–7. Another widely investigated approach 

is based on the epitaxial growth of a p-type gate material, such as p-GaN, on top of the AlGaN film 

to shift the conduction band upwards, thus depleting the channel even at zero applied gate voltage 8,9.

Both these approaches have advantages and limitations. Using a gate recess with a gate insulator 

leads to a very low gate leakage current and fine control of the threshold voltage but can favor trapping 

at the interfaces and/or in the insulator. Moreover, fine-tuning of the etching process is necessary to 

prevent mobility degradation at the AlGaN/GaN interface. Conversely, using a p-type gate material 

requires fine control of the doping process and activation of the Mg impurities that are used as p-type 

dopants. The introduction of an additional growth step increases the complexity of the fabrication 

process, but this approach guarantees lower on-resistance and high mobility 10. In this respect, p-GaN 

integration represents a cost-effective solution for the fabrication of enhancement mode FET devices.

Interestingly, several studies 11–13 demonstrated the formation of a two-dimensional hole gas 

(2DHG) at the p-GaN/AlGaN interface, stimulating an intense research activity aiming at the 

fabrication of p-FET devices for the development of GaN based CMOS logic circuits. Ng et al. 13 
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claim that the 2DHG originates from the ionization of Mg acceptors in the AlGaN barrier. However, 

a weak temperature-dependent concentration of holes in the 2DHG is observed by variable 

temperature Hall effect measurements, suggesting that the mechanism inducing the formation of the 

2DHG is somehow independent of the ionization of Mg impurities. In a very recent paper, Kumar et 

al.14 indicate that precise control over doping, material thickness, and composition is essential for 

optimizing pFET performance and reliability for next-generation electronic applications on GaN. 

Nevertheless, the effective correlation between doping of p-GaN and formation of the 2DHG has not 

been completely clarified. 

This work focuses on optimizing the activation of Mg dopants in a p-GaN film epitaxially grown 

on top of an AlGaN/GaN heterojunction and correlating it with the electrical properties of the 2DHG 

that is formed at the p-GAN/AlGaN interface. The objective is to gain a deeper comprehension of the 

intricate relationship between the processing conditions necessary for Mg activation and the 

formation of the 2DHG. A comprehensive understanding of how processing conditions influence the 

characteristics of both the 2DHG and the 2DEG is paramount for the effective utilization of the 2DHG 

as a fundamental building block in the fabrication of p-channel devices on the GaN substrate taking 

advantage of a technologically relevant platform that could facilitate future exploitation. Mg dopants 

were introduced into the p-GaN during the growth process. The Mg impurities activation was 

achieved through high-temperature thermal treatment (T > 600 °C) using a rapid thermal processing 

(RTP) system in N2 and N2 + O2 environments 15,16–19. Transport measurements as a function of 

temperature were performed on selected samples to discriminate between the holes in the 2DHG and 

those in the p-GaN layer, providing information about hole density and mobility in the 2DHG as a 

function of the Mg impurity activation in the p-GaN layer. Upon selective removal of the p-GaN, low 

temperature characterization of the 2DEG at the AlGaN/GaN buried interface was performed, 

enabling a direct comparison between the properties of the 2DHG and 2DEG that are formed at the 
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different interfaces of the p-GaN/AlGaN/GaN stack. 

EXPERIMENTAL METHODS

A commercial 200 mm GaN-on-Si wafer was used for this study. It comprises a  100 nm thick p-

GaN layer with a nominal Mg doping concentration of 21019 cm-3. The p-GaN layer was grown by 

Metal-Organic Chemical Vapor Deposition (MOCVD) on top of a stack consisting of a thick  18 

nm AlxGa1-xN barrier layer with 20% of Al content and a GaN buffer layer. A scheme of interface 

atomic composition, sample structure and band structure of the heterojunction is reported in Figures 

1a, 1b and 1c, respectively. Samples measuring 1  1 cm2 were cut out from the wafer. These samples 

underwent thermal treatments in an RTP machine (AS-One150 RTP system) at temperatures ranging 

from 700 to 900 °C in N2 and N2 + O2 (5%) atmospheres. A non-annealed 1 x 1 cm2 sample was used 

as a reference to assess the effective activation of Mg dopant impurities upon annealing. In the 

following, this sample is referred to as the pristine sample.

Chemical information about the dopant and impurity distributions in the samples was obtained 

using Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) with an ION-TOF M6 system. 

The base pressure in the main chamber was kept at 110-10 mbar to prevent moisture physisorption 

on the sample surface and minimize the H background signal. All the measurements were performed 

Figure 1: Atomic structure (a), cross section (b) and band diagram (c) of p-GaN/AlGaN/GaN heterojunction
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in interlaced mode, operating in positive or negative mode for Mg and H detection, respectively.

For the electrical characterization of the p-GaN/AlGaN interface, p-type Ohmic contacts were 

fabricated by depositing Pd/Au (80/20 nm) metal stacks at the corners of each 1  1 cm² sample, 

whereas for the electrical characterization of the AlGaN/GaN interface, upon selective removal of p-

GaN layer, Ti/Al/Ni/Au (15/80/20/80 nm) metal stacks were deposited at the corners of each 1  1 

cm² sample and annealed with rapid thermal treatment at 800 °C for 300 s forming n-type Ohmic 

contacts on AlGaN/GaN heterostructure 20. Sheet resistance (Rs) and Hall effect measurements in Van 

der Pauw configuration were performed at temperatures ranging from 5 to 300 K with a magnetic 

field varying from -0.8 to 0.8 T by means o f a Bruker BE15 magnet and a He-based cryogenic system. 

In addition, a homemade system with a Eurotherm heater controller was used for Rs measurements in 

the range of temperatures between 300 and 600 K. The Hall factor is unity, and the calculated field 

effect mobility can be compared directly with the Hall-effect mobility.

RESULTS AND DISCUSSION

Figure 2a reports Rs values at room temperature (RT) as a function of annealing temperature for 

the two different annealing environments: N2 (orange squares) and N2 + O2 (green circles). The 

dashed blue line indicates the sheet resistance (Rs = 52 kΩ/□) of the pristine sample which serves as 

a reference. Accordingly, resistivity in pristine sample is determined to be ρ = 0.52 Ω cm, significantly 

lower than the values (ρ > 10 Ω cm) reported for undoped GaN films 21,22. Although the resistivity in 

undoped GaN films depends on growth and processing conditions 21, the measured resistivity value 

suggests that, even without thermal treatment, a fraction of Mg impurities in the pristine sample has 

already been activated during growth. The annealed samples exhibit lower Rs values compared to the 

pristine sample. For the samples annealed in the N2 atmosphere, Rs decreases as the annealing 

temperature increases, from 48 ± 2 kΩ/□ at 700 °C to 34 ± 1 kΩ/□ at 900 °C. Conversely, samples 

annealed in the N2 + O2 atmosphere exhibit a less pronounced decrease in Rs as the annealing 
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temperature rises. Rs is at its lowest value at 860 °C (33 ± 1 kΩ/□). Further increasing the annealing 

temperature causes a slight rise of Rs up to 36 ± 1 kΩ/□ at 900 °C. Comparing the results for the two 

annealing atmospheres, it is quite evident that, at temperatures below 860 °C, samples annealed in N2 

exhibit higher Rs values than those annealed in N2 + O2. This result is perfectly consistent with data 

reported by Kumar et al. 17, which indicates that oxygen promotes the dissociation of Mg-H 

Figure 2: Sheet resistance (a), carrier concentration (b), and mobility (c) at room temperature as a function of annealing temperature 

for two different annealing atmospheres: N2 (orange squares) and N2 + O2 (green circles). The dashed blue lines represent the sheet 

resistance (a), carrier concentration (b) and mobility (c) values for the pristine sample.
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complexes. Figure 2b shows the hole concentration (p) values as a function of annealing temperature, 

obtained through Hall effect measurements at RT. The pristine sample exhibits a p of 9.6 ± 0.6 1017 

cm-3, which is comparable to that of the samples annealed in N2 atmosphere (orange squares). Samples 

annealed in the N2 + O2 atmosphere (green circles) exhibit a higher p than those annealed in N2. 

Figure 3: (a) H dose of p-GaN layer as a function of annealing temperature for two different atmosphere conditions N2 (orange 

squares) and N2 + O2 (green circles). The dashed blue line represents the H dose of the pristine sample. (b) H dose as a function of 

sheet resistance for two different annealing atmospheres N2 (orange squares) and N2 + O2 (green circles). In blue, the value for the 

pristine sample. In the inset, oxygen ToF-SIMS depth profile for each annealing temperature in N2 + O2 atmosphere.
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Moreover, data in figure 2b indicate that for the samples annealed in N2, p does not vary significantly 

over the range of annealing temperatures considered, within the experimental error. On the other 

hand, in the samples annealed in N2 + O2, p progressively increases with an increasing annealing 

temperature from 760 to 860 °C, reaching a maximum value of 1.41 ± 0.02 1018 cm-3 at 860 °C 

before decreasing at higher temperatures. Carrier mobility (μ) is computed by combining Rs and Hall 

measurements according to equation μ = (1/q p Rs). μ values of the different samples are reported in 

Figure 2c. Interestingly, μ does not show significant variation from sample to sample, irrespective of 

the different annealing atmospheres. The pristine sample shows a slightly lower μ (blue dashed line) 

Figure 4: ToF-SIMS depth profiles showing Mg (blue line) and calibrated H depth profile (green line, right axis scale) for pristine 

sample (a), samples annealed at 780 °C in N2 (b) and in N2 + O2 (c). GaN- and Al- secondary ion signals are reported without any 

calibration to simply indicate the position of the different interfaces in the p-GaN/AlGaN/GaN heterojunction

Page 9 of 26 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
5/

20
26

 3
:1

0:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TC04494D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04494d


value than the annealed ones. Moreover, for samples annealed in N2 + O2 atmosphere μ appears to be 

temperature independent. On the other hand, for samples annealed in N2, μ show a small trend as a 

function of temperature; μ increases as the temperature increases.

Figure 3 reports representative ToF-SIMS depth profiles of the pristine sample (a) and of the 

samples annealed at 780 °C in N2 (b) and N2 + O2 (c). The different secondary ion signals were 

normalized to the average GaN- signal value in the p-GaN layer to account for primary ion current 

variation during the measurements. The Al- signal (purple line) is reported to visualize the AlGaN 

layer. In correspondence with the AlGaN layer, a decrease of GaN- signal intensity (red line) is 

observed. The Mg⁺ signal (blue line) is uniform in the p-GaN layer and decreases quite sharply in the 

AlGaN layer. It is interesting to note that the Mg+ signal does not change across the different samples, 

indicating that the Mg distribution was not affected by the thermal treatment resulting in no significant 

diffusion of Mg impurities in the AlGaN layer. The orange line corresponds to the C- signal and 

represents the carbon depth distribution. The intense C- signal at the surface of the sample is 

essentially related to carbon contamination due to air exposure. The tails of the C- signals in the 

pristine sample and in the samples annealed in N2 atmosphere are quite similar, suggesting a similar 

level of carbon contamination in the p-GaN layer. Conversely, carbon contamination is reduced in 

samples annealed in the N2 + O2 atmosphere. It is worth noting that C impurities are reported to 

increase GaN resistivity 23–25. An intense O- background signal is present in all samples, due to the 

contamination during depth profiling by the residual oxygen and moisture in the analysis chamber. 

However, in the sample annealed in N2 + O2 atmosphere, the intensity of the O- signal in the p-GaN 

layer is higher than in the pristine sample and in the one annealed in N2 atmosphere; this could be 

caused by the diffusion of oxygen into the p-GaN during the annealing process. The green line 

represents the calibrated H depth profile (right axis scale). Data indicates only a slight difference 

between the pristine sample and the samples annealed in N2. Conversely, the H profile in the sample 

annealed in N2 + O2 atmosphere is considerably lower than in the other samples, consistently with 
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previous results by Kumar et al. 17.

By integrating the H concentration profile in the p-GaN region, the total H dose in the p-GaN layer 

for each sample was determined. Figure 4a shows the total H dose as a function of annealing 

Figure 5: (a) Measured sheet resistance values as a function of the temperature for pristine sample (blue circles) and annealed in N2 + O2 

at 780 (dark green circles), 860 (light green circles) and 900 °C (magenta circles). Carrier mobility (b) and carrier concentration (c) as a 

function of the temperature for pristine (blue circles) and samples annealed in N2 + O2 at 780 °C (dark green circles) and 860 °C (light 

green circles). Mobility and carrier concentration are measured in the range of temperature between 5-300 K by Hall effect measurement. 

The carrier mobility values for temperature in the range of 300-600 K are obtained by fitting the mobility as a T-3/2 function, as shown in 

the inset of panel (b). Hole concentration values have been calculated using sheet resistance data and mobility values.
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temperature for the two different annealing atmospheres. For annealing temperatures T < 780 °C, the 

H dose in the samples annealed in N2 is quite close to that of the pristine sample (dashed blue line). 

The H dose then decreases slightly as the annealing temperature rises to 820 °C. The reduction of the 

H dose becomes more pronounced at temperatures T > 820 °C. Samples annealed in N2 + O2 exhibit 

almost temperature-independent behavior with a significant reduction in H dose upon annealing, even 

at low temperatures. Interestingly, irrespective of the annealing atmosphere, a small increase in the 

H dose is observed in the samples annealed at 900 °C. These data clearly highlight that, for each 

annealing temperature, the samples annealed in N2 have a higher H dose than those annealed in N2 + 

O2. As reported in literature 26, O2 promotes the dissociation of Mg-H complexes during thermal 

treatment, increasing Mg activation, and reducing Rs of the p-GaN layer.

Figure 4b shows the H dose as a function of Rs for the samples annealed in N2 and in N2 + O2. 

The blue triangle corresponds to the pristine sample. In the annealed samples, the reduction in Rs is 

systematically associated with a decrease in the H dose, irrespective of the annealing atmosphere. 

Despite the similar trend, it is noteworthy that samples with the same resistivity are characterized by 

different H content depending on the annealing atmosphere. This difference suggests that the varying 

activation levels of Mg impurities in the two sets of samples cannot be fully explained only by 

differences in H concentration. An additional contribution should be considered, that is oxygen 

diffusion into the p-GaN layer during the annealing process. This is particularly evident in samples 

annealed in N2 + O2 atmosphere. Oxygen depth profiles for samples annealed in N2 + O2 are reported 

in the inset of figure 4b. The tails of the O- signal indicate that, at the highest annealing temperatures, 

the oxygen diffusion into the p-GaN layer near the surface is significant. Oxygen is an n-type dopant 

impurity for GaN, and the increased oxygen content could lead to charge compensation, reducing the 

availability of holes in the GaN layer. Carbon residues may play an additional role. Carbon impurity 

may preferentially form deep level traps, acting as effective compensation centers and leading to an 

increase in resistivity 24. This behavior of Rs as a function of the annealing conditions is not yet fully 
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understood, and further experiments are necessary to fully elucidate this point.

At RT, Rs values exhibit a relatively small variation from sample to sample. To gain a deeper 

understanding of the differences in terms of activation, Rs measurements were performed at 

temperatures ranging from 5 to 600 K for four different samples: one pristine sample (blue symbols) 

and three samples annealed in N2 + O2 at 780 (dark green symbols), 860 (light green symbols) and 

900 °C (magenta symbols), respectively. Rs values as a function of the temperature for these samples 

are reported in figure 5a. All the samples behave in a quite similar manner at temperatures below RT 

(T < 300 K): Rs decreases as the temperature decreases, likely due to the progressive reduction of 

acoustic phonon scattering. Interestingly, this behavior differs from what we would expect for a 

semiconductor, where a progressive increase of Rs is typically observed due to thermal deionization 

of Mg impurities. Conversely, above RT (T > 300 K), the pristine and annealed samples exhibit 

Figure 6: Hole density (light green symbol) as a function of temperature for sample annealed at 860 °C in N2 + O2. The values at low 

temperature had been fitted (light green line) to obtain 2DHG contribution. This contribution has been removed to have just Mg 

impurities after subtracting of 2DHG hole density (dark green line). In the inset, comparison between our results (dark green 780 °C, 

light green 860 °C and magenta 900 °C) and literature data from  Brochen el al.,  Namkoong et al.,  Leroux et al.,  Konczewicz 

et al.,  Nakayama et al.,  Tanaka et al., □ Nguyen et al.,  Kim et al.,  Huang et al.,  Nikishin et al.,  Nakano et al.,  

Kozodoy et al.,  Ke et al.,  Gotz et al.. The solid lines represent simulations for different ionization energy values according to 

equation Ea = Ea0 - αNA
1/3  where α=Γ(2/3) •(4π/3)1/3(q2/4πε) 27
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notably different Rs evolutions. For the annealed samples, Rs decreases with increasing temperature, 

while for the pristine samples, Rs increases with increasing temperature. This differing evolution of 

Rs as a function of temperature can be explained by assuming that, in the pristine sample, only a small 

fraction of the impurities is electrically activated. 

Consequently, the resistivity increases because the carrier mobility is reduced by increasing 

phonon scattering. Conversely, for the annealed samples, as the temperature increases, the fraction of 

ionized impurities progressively grows, resulting in a decrease in Rs. Hall measurements were 

performed over the temperature range of 5 to 300 K. Experimental values of carrier mobility and 

concentration are reported in figure 5b and 5c, respectively. Within this temperature range, μ 

progressively increases as the temperature decreases to approximately 80 K. However, at higher 

temperatures, a clear reduction in μ is observed (Figure 5b). This temperature-dependent evolution 

is consistent for both pristine and annealed samples. μ for T > 300 K were extrapolated by fitting the 

μ in the temperature range from 200 to 300 K with a T-3/2 function, as shown in the inset of figure 

5b. This extrapolation assumes that, in this specific temperature range, carrier mobility evolution is 

primarily determined by acoustic phonon scattering, consistent with data reported in literature 13. The 

extrapolated μ for T > 300 K, along with the measured μ for T < 300 K, are reported in figure 5b.

Figure 5c reports measured p values as a function of temperature for T < 300 K. At temperatures 

above RT, p were calculated by combining Rs data and extrapolated μ values. In this range of 

temperatures (T > 300 K), the estimated p are found to increase with temperature for all samples. This 

supports the idea that raising the temperature causes the ionization of Mg impurities that are not fully 

ionized at RT. Interestingly, p of annealed samples increase with the temperature at steeper slopes 

compared to the pristine samples. However, temperatures below RT, all the samples exhibit the same 

behavior: p progressively decreases and then levels off, reaching a plateau at T > 200 K. The 

persistence of a significant number of carriers at very low temperatures indicates a metallic-like 
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behavior which is associated to the formation of a 2DHG at the p-GaN/AlGaN/ interface 13.

Since at T < 100 K all the Mg impurities are thermally frozen, we estimated the 2DHG contribution 

to the hole density as the average value of the total hole density in the temperature range between 20 

and 100 K. This contribution was subtracted from the total hole density to highlight the contribution 

of the holes generated by thermal ionization of Mg impurities. Figure 6 shows the total hole density 

(light green symbols) and the calculated bulk hole density (light blue symbols). The calculated bulk 

hole density decreases with decreasing temperature, which is consistent with the thermal deactivation 

of Mg impurities. Analyzing the different contributions as a function of temperature, we can observe 

that at low temperatures the only contribution present is from the 2DHG. At RT, both contributions 

are equally relevant, whereas at temperatures above RT, ionization of Mg impurities progressively 

increases, increasing the relevance of this bulk contribution to conduction. In addition, by fitting the 

extrapolated bulk hole density by an exponential function the activation energy (EA) of Mg impurities 

(≃ EA/kT) was estimated to be (125 ± 11) meV.

This procedure was repeated for the pristine sample and the other two samples annealed in N₂ + 

O₂ at 780 and 900 °C, respectively. The results of this analysis are summarized in Table 1 that reports 

total hole concentration, hole concentration in the 2DHG, as well as activation energy and hole 

mobility at RT and at low temperature (T = 80 K). Interestingly the activation energy of the Mg 

impurities in the p-GaN layer was found to be roughly the same for all the samples. The calculated 

values are reported in the inset of figure 5 together with data collected from the literature at different 

Mg concentrations 28. The calculated Ea values are in excellent agreement with those reported in the 

Table 1: Calculated and measured values for the samples considered pristine and annealed at 780, 860, and 900 °C in N2 + O2.
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literature for a Mg concentration around 1 1019 cm-3 28. This result further supports the idea that, at 

T = 80 K, no holes generated by thermal ionization of Mg impurities are present in the p-GaN and 

that the conduction is essentially dominated by the holes in the 2DHG at the p-GAN/AlGaN interface. 

Figure 7: Comparison of our data (red solid circles) and the literature data from  Nakajima et al 29.,  Ng et al.13,  Beckmann et 

al. 30  Shao et al.12,□ Zhang et al.34 , Nakajima et al.31. Figures (a) and (b) show the 2DHG hole density and hole mobility, 

respectively, measured at T < 100 K as a function of the Al content (%) in the AlGaN layer. The dotted grey line in panel (b) indicate 

theoretical hole density as function of the hole concentration calculated taking into account strain relaxation 33. (c) hole density as a 

function of hole mobility in the 2DHG. 
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Interestingly, the carrier concentration and mobility values measured at this low temperature do not 

significantly change upon Mg activation. In particular, hole mobility and hole concentration at T =80 

K are quite similar to those obtained in the annealed samples at low temperatures, suggesting that the 

characteristics of 2DHG are essentially independent of the activation process.

In Figure 7 the hole concentration and hole mobility at T = 80 K are compared with those reported 

in literature for 2DHG formed at p-GAN/AlGaN heterojunctions with Al content ranging from 15 to 

50% 11–13,27-30. Figure 7a shows that the mobility is almost independent from Al content in the AlGaN 

layer with values that are always below 100 cm2/Vs. Conversely, as shown in Figure 7b, hole density 

exhibits a weak correlation with Al composition, with p value slightly increasing as the Al content in 

the AlGaN layer increases. Finally, 2DHG mobility as a function of hole density is shown in Figure 

7c. Gray dashed lines indicate sheet resistance isolines, highlighting an upper limit for the sheet 

resistance in this system, because of a progressive reduction of mobility when increasing carrier 

density in the 2DHG layer. In view of a possible exploitation of 2DHG formed at p-GAN/AlGaN 

interface in p-FET device, it is worth to compare the carrier density and mobility of the 2DHG with 

those of the 2DEG that is formed at the buried AlGaN/GaN interface. To achieve this goal, Rs, carrier 

density, and mobility of the 2DEG as a function of temperature have been measured on the same 

substrate after the removal of the p-GaN layer by chemical etching. Figure 8 presents a direct 

comparison of the electrical characteristics of the 2DEG and 2DHG at the AlGaN/GaN and p-

GaN/AlGaN interfaces for the sample annealed at 860 °C in N2 + O2. Figure 8a clearly demonstrates 

that the 2DHG exhibits a considerably higher Rs compared to 2DEG. In addition, the 2DEG shows 

the typical increase in Rs with increasing temperature, determined by the mobility reduction due to 

phonon scattering. The mobility evolution as function of temperature for the 2DHG at the p-

GaN/AlGaN interface is very different because of the progressive ionization of Mg impurities leading 

to a Rs plateau value at RT. Mobility values as a function of temperature are reported in Figure 8b 

emphasizing a significant difference in the absolute values between the 2DHG and 2DEG, 
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respectively. This difference is due not only to the higher effective mass of holes, but also to the 

distinct effects of polar optical and acoustic phonons, which result in higher mobility 32. Poncé et al. 

investigated the atomic-scale mechanisms responsible for the low hole mobility in GaN. They showed 

that the origin of the low hole mobility lies in carrier scattering within the light-hole (LH) and heavy-

hole (HH) bands. The high density of states associated with the LH and HH bands plays a central role 

in reducing hole lifetimes and, consequently, suppressing their mobility. Additional factors further 

contributing to the reduced hole mobility are the presence of multiple scattering channels and the 

strong non-parabolicity of the HH band. However, their study was limited to bulk GaN and did not 

directly investigate hole mobility in heterojunctions 33. Conversely, in their work, Bader et al. 32 

proposed a specific model to explain the limited hole mobility of the 2DHG at the GaN/AlN interface. 

More precisely, they determined the spectra of both acoustic and optical phonons in the 

heterostructure and proposed that the mobility limitations are associated to phonon scattering at the 

GaN/AlN interface. Nevertheless, this mechanism remains an active area of investigation. 

Interestingly, according to our experimental data, hole and electron mobilities exhibit the same 

temperature dependence suggesting that the same mechanisms govern the evolution of mobility as a 

function of temperature for both systems: namely, defects and interface roughness at low 

temperatures, and phonon scattering at high temperatures. Figure 8c shows that the carrier density is 

significantly higher in the case of 2DHG. As RT approaches, hole density exhibits a different 

temperature dependence due to the progressive ionization of Mg impurities. These results 

demonstrate that the significantly higher sheet resistance of the 2DHG is essentially ascribed to the 

limited hole mobility. The limited hole mobility in the 2DHG represents a fundamental limitation for 

the implementation of complementary FET technology on this specific technological platform 

exploiting p-FET devices taking advantage of a 2DHG as a transistor channel. A comparison with Si 

CMOS technology is instructive, as it remains highly successful despite the difference in mobility 

between electrons and holes. In silicon, at room temperature, electrons move approximately three 

times faster than holes due to their lower effective mass compared with holes. However, this 
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difference can be compensated through appropriate device design. In contrast, in GaN-based 

heterostructures the mobility of electrons in the 2DEG is typically two orders of magnitude higher 

than that of holes in the 2DHG. Such a large disparity cannot be easily compensated by simply 

adjusting the device design at the circuit level 14. Accordingly, several studies investigated alternative 

strategies to circumvent this specific problem, considering different materials such as AlN to reach 

higher mobilities and higher carrier densities at the GaN/AlN interface. Zhang et al. 34 reported 

mobility value of 280 cm2/Vs at 10K, in GaN/AlN heterostructures. As previously discussed, Bader 

et al.32 presented an intriguing approach to enhance hole mobility in GaN/AlN heterostructures grown 

on sapphire substrates. While their findings are noteworthy, the integration of GaN/AlN 

heterostructures onto a GaN platform presents significant challenges, hindering the direct application 

of their scientific outcomes. Very recently an alternative approach has been proposed to address this 

problem by adjusting structural parameters of the p-GaN/AlGaN/GaN double heterojunction to 

fabricate p-FET with performance and reliability characteristics that could be suitable for next-

generation electronic applications 14.

CONCLUSION

The activation of Mg impurities inside a GaN layer was investigated as a function of different 

annealing conditions. The annealing atmosphere and temperature significantly affect the Rs and the 

carrier transport characteristics. In detail, annealing in a N2 + O2 atmosphere guarantees lower Rs and 

higher p than annealing in N2. Carrier mobility has similar values for all the samples considered, 

irrespective of the annealing conditions. ToF-SIMS analysis shows a reduction in H concentration 

upon annealing. The trend of the H dose in each atmosphere as a function of Rs shows that the 

presence of hydrogen has a negative impact on the material's resistance, according to the correlation 

between the H dose in the p-GaN layer and Rs data. Hall and Rs measurements as a function of 

temperature highlighted the differences between annealed samples and pristine sample pointing out 

the different levels of activation of the Mg impurities. The mean value for approximately samples of 
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the Mg activation energy was determined to be EA = (129 ± 4) meV. At temperatures below 100 K, 

the hole concentration is found to be constant providing a clear signature of the presence of 2DHG at 

the interface between the p-GaN and AlGaN layers. This result is perfectly consistent with other 

reports in the literature and introduces important constraints in the design of the GaN based 

heterostructures devices to be carefully evaluated. On the other hand, even if hole mobility in the 

Figure 8: Comparison of sheet resistance (a), hole mobility (b), and hole density (c) for 2DEG (blue symbols) and 2DHG (green 

symbols) of annealed sample at 860 °C in N2 + O2.

Page 20 of 26Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
5/

20
26

 3
:1

0:
42

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TC04494D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc04494d


2DHG is quite limited compared with the one of 2DEG, the presence of this conductive channel at 

the p-GaN/AlGaN interface opens to an interesting scenario with the possibility to fabricate p-type 

transistor on GaN paving the way to CMOS technology implementation. To further explore this 

application, it is necessary to improve the mobility of the 2DHG by proper engineering of the 

heterostructure. 
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