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The origin for high hole concentration in Mg-doped GaN films

grown by metal-modulated epitaxy has been explored. We

observe a Mg acceptor band characterized by a broad emission

without phonon replicas and a high energy tail that overlapswith

the valence band of GaN, giving rise to a reduced effective Mg

activation energy. We attribute the high hole concentrations to

the reduction of compensating nitrogen vacancy concentration

and to effectively dispersed Mg atoms, which are incorporated

into the lattice as single substitutional atoms. This has been

achieved by a low temperature growth, a decrease in the III/V

ratio, andaplanar growth interface that results from the layer-by-

layer approach using the metal-modulated epitaxial technique.
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1 Introduction Substitutional magnesium in a gal-

lium site (MgGa) is the preferred acceptor for p-type doping

in GaN due to its low activation energy, with reported values

between 155 and 230meV [1–4]. The uncertainty in the

value has been related to the formation of an acceptor band,

with a broad optical emission peaking at �3.2 eV [3, 5–7].

The nature of this emission has been assigned to a native

donor–acceptor pair (DAPnative) recombination character-

ized by a non-exponential radiative decay [8]. The origin of

the donor and acceptor centers is rather controversial; with

candidates for donors including nitrogen vacancies (VN),

substitutional oxygen in nitrogen sites (ON), and substitu-

tional silicon in gallium sites (SiGa) [9–12]. Candidates for

acceptors are substitutional Mg and C, as well as gallium

vacancies (VGa) [1, 2, 13, 14].

The realization of high hole concentrations in p-type

GaN films is currently one of the limiting factors for

obtaining highly efficient GaN-based optoelectronic devi-

ces. One reason for the low hole concentration in Mg-doped

GaN films has been assigned to the presence of hydrogen.

The metalorganic vapor chemical deposition (MOVCD)

technique typically utilizes ammonia (NH3) during Mg-

doped GaN film growth. The high concentration of

hydrogen from ammonia dissociation at high temperatures

is thought to passivate Mg by forming electrically inactive

Mg-H complexes [15], thus reducing the hole concentration

due to a decrease in the effective number ofMg atoms acting

as acceptors. Low-energy electron-beam irradiation

(LEEBI) and thermal annealing improved p-type conduc-

tivity [6, 16], possibly by dissociation of Mg-H complexes.

These post-growth treatments are not necessary when

growing Mg-doped GaN by molecular beam epitaxy (MBE)

due to the absence of hydrogen [17, 18]. Low hole

concentration is also attributed to self-compensation in

heavily Mg-doped GaN films by the association of a MgGa
acceptor with a VN donor; the latter is believed to be

abundant due to its low formation energy in p-type

GaN [19]. Heavily Mg-doped GaN-based films have also

been found to form Mg precipitates that prevent acceptor

state formation [20–23].

Improved p-type doping has been reported by growing

under N-rich conditions at low temperatures [24–26],

which enhances Mg incorporation [24] and reduces the VN

concentration [27]. However, growth under N-rich

conditions has a tendency toward formation of crystal

facets, surface roughening, and generation of crystal

defects [28]. Growth under Ga-rich conditions has the

opposite effect. Modulating the growth scheme from a

Ga- to N-rich conditions, using the metal-modulated

epitaxy (MME) technique in the MBE chamber, has

shown to optimize Mg incorporation and crystalline

quality [29, 30].
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In this letter, we report on the origin of high hole

concentration in GaN films. We observe that GaN films

grown by MME and doped with Mg at concentra

tions above the estimated solid solubility limit of

�1� 1020 cm�3 [31], do not present Mg precipitates in

their microstructure and exhibit a reduction of the native

point defect concentration with increasing Mg concen-

trations. This is evidenced by: (i) the quenching of

longitudinal-optical (LO) phonon replicas; (ii) the

DAPnative energy peak red shift; and (iii) the saturation

of the DAPnative emission intensity at high carrier injection

currents. In addition, as the Mg concentration is increased,

the Mg acceptor forms an acceptor band that eventually

intercepts the valence band, giving rise to the absence of

carrier freeze-out, and resulting in high hole concentrations

even at low temperatures [30].

2 Growth Mg-doped GaN epitaxial layers were

grown at 600 8C by MME with a thickness in the range

of 180–330 nm on a 100-nm thick unintentionally doped

AlN layer on c-sapphire substrates. The chamber pressure

during growth was �10�5Torr, with a 1.3 sccm of N2 flow

at 350W of RF power, and with a net growth rate of

�350 nmh�1. The modulation cycle was 5 s open/10 s

closed, and the Ga and Mg cells were shuttered

simultaneously [30, 32]. In order to obtain a range of

Mg concentrations, the Mg cracker temperature was varied

from 280 to 305 8C, and the III/V ratio from 1.17 to 1.6. No

post-growth thermal annealing was necessary to achieve

high hole concentrations [17, 18]. The Mg concentration

in the GaN film was profiled by secondary ion mass

spectroscopy (SIMS) on a Cameca IMS-6f instrument;

using O2þ ions with a beam current of 100 nA and a raster

size of 250mm.

3 Magnesium activation energy The room tem-

perature hole concentration, mobility, and resistivity of the

Mg-doped GaN films were determined by Hall effect

measurements following the van der Pauw method [30],

using a 0.3 T fixed magnet. The samples were 1� 1 cm

squares, and the contacts were soldered indium dots. Due to

the very highMg concentrations in these films, the quality of

the ohmic contacts were verified via I–V sweeps on all

contact pairs. The Hall scattering factor used herein was

assumed to be 1.

GaN with the wurtzite crystal structure exhibits

polarization effects that can affect the electric conductivity

of the material. In our case, we are dealing with þc-

oriented p-GaN on AlN, where the only possible

polarization-related effect will occur at the p-GaN/AlN

interface in the form a two-dimensional hole gas (2DHG),

as discussed in greater detail by Gunning et al. [32] In our

case, Hall effect measures the net sheet charge density sHall
in the p-GaN film, which is the sum of the bulk sheet

charge density sbulk and the 2DHG sheet charge density

s2DHG at the p-GaN/AlN interface. The bulk hole

concentration [hþ], shown in Table 1, is then calculated

by the following equation:

hþ½ � ¼ sbulk

d
¼ sHall � s2DHGð Þ

d
ð1Þ

where d is the p-GaN thickness. The magnitude of s2DHG
is 3.25� 1013 for a fully relaxed p-GaN film and

5.3� 1013 cm�2 for a fully strained one [32]. We believe

that the p-GaN film is close to a fully relaxed case since its

thickness is much larger than the critical thickness of

�3 nm for misfit strain relaxation on AlN [32]. The results

thus obtained are listed in Table 1.

The effective Mg activation energy EA for a single

acceptor level is calculated using the charge neutrality

equation:

p� N�
A ¼ n� Nþ

D ð2Þ

which is equivalent to:

2
ffiffiffi

p

p NVF1=2
EV � EF

kBT

� �

� NA

1þ gAe
EA�EFð Þ
kBT

¼ 2
ffiffiffi

p

p NCF1=2
EF � EC

kBT

� �

� ND

1þ gDe
EF�EDð Þ
kBT

ð3Þ

where kB is the Boltzmann constant, T is the temperature,NC

and NV are the effective density of states in the conduction

and valence band. The effective masses used for the density

of states are 0.2 for electrons and 0.8 for holes. gA¼ 4 and

gD¼ 2 are the degeneracy factors for acceptors and donors.

Table 1 Electrical properties of Mg-doped GaN obtained from Hall measurements. The magnesium concentration [Mg] was measured

by SIMS. The film hole concentration [hþ] is obtained by subtracting the 2DHG from the Hall effect hole concentration.

sample

[Mg]

(�lO20 cm�3)

[hþ]
(�lO19 cm�3)

doping

efficiency (%)

mobility

(cm2V�1 s�1)

conductivity

(Ω cm)�1

effective Mg

activation energy

(meV)

A 0.58 0.286 5 1.96 0.90 90

B 1.20 0.825 7 1.10 1.41 50

C 1.50 2.76 18 0.55 2.44 0

D 2.64 4.45 17 0.34 2.44 0
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EF is the Fermi energy level, EA is the effective acceptor

activation energy and ED¼ 0.03 eV is the effective donor

activation energy.

EC and EV are the energies of the bottom of the

conduction and the top of the valence band. The background

donor concentration ND is assumed to be 1017 cm�3. F1/2 is

the Fermi-Dirac integral and was calculated using a short

series approximation [33]. The numerical solution expresses

a reasonable value of EA irrespective of whether EF is above

or below 3kBT with respect to the valence band. The

calculated effective Mg activation energy decreases from 90

(sample A) to 0 meV (samplesC and D), suggesting that for

sufficiently high Mg concentrations the Mg acceptor level

intercepts the valence band, rendering the GaN degener-

ate [32]. This agrees with the high hole concentrations

([hþ]� 1018 cm�3) and the absence of carrier freeze-out

previously observed at low temperatures [28]. Although this

calculation is for a single acceptor level EA and not for an

acceptor band, there is a clear trend for the decrease of

the effective Mg activation energy with increasing Mg

concentration.

In Table 1, we notice that the doping efficiency, defined

as hþ½ �= Mg½ �; increases with doping concentration. Sample

D has the highest Mg concentration of 2.64� 1020 cm�3 that

corresponds to a doping efficiency of �17% [17, 34]. The

measured Mg concentration is higher than the estimated

solid solubility limit in GaN. Magnesium solubility in GaN

is the determining factor limiting the hole concentration [19].

Mg concentrations at and/or near the solubility limit in GaN

have been shown by TEM to be associated with the

formation of Mg-related inversion domains and precipitates

with lateral dimensions of the order of 50 nm [20–23]. No

such precipitates were observed by TEM in any of our films

as shown in Fig. 1.

4 Results and discussion The optical properties

associated with Mg doping were studied using cathodolu-

minescence (CL) spectroscopy in a scanning electron

microscope, with a spectrometer equipped with a 1200 l/mm

grating and a GaAs photomultiplier tube. The CL spectra

were taken at 4.5 and 295K, with an electron beam current

of 400 pA, an acceleration voltage of 5 kV, and a raster size

of 34mm. No further Mg activation was observed resulting

from LEEBI effects, as verified by comparing CL and

photoluminescence spectra (not shown here). A broad

emission band ranging from 2.9 to 3.5 eV, with an energy

peak maximum at�3.25 eV, is observed in all four samples.

Figure 2 shows CL spectra taken at 4.5K of GaN films with

the lowest and highest Mg concentrations. Each spectrum

can be fitted by two main Gaussian peaks. The first one is

labelled DAPnative centered at �3.25 eV, and has two LO-

phonon replicas separated by �92meV. This DAP

transition is usually observed in Mg-doped GaN films,

where the donor and acceptor have been assigned to native

point defects [2, 35], and it is not associated with p-type

conductivity [3]. The second one is a broad peak centered at

�3.15 eV, labelled here as DAPMg, which has been shown

to depend on Mg concentration [35]. DAP emission energy

hnDAP can be expressed by the following equation [36]:

hnDAP ¼ Eg � ED � EA þ EC ð4Þ

where Eg is the GaN bandgap, ED and EA are the donor and

acceptor activation energies, and EC is the Coulomb energy

defined as e2= 4pe 0ð Þ � rDAð Þ with the electron charge e, and

the static dielectric constant e(0). The value rDA is defined as

distance between donor and acceptor sites and it is inversely

Figure 1 Two-beam bright-field cross-section TEM image of the

p-GaN film with the highest Mg concentration. The p-GaN film

does not exhibit Mg precipitates.

Figure 2 Normalized CL spectra taken at 4.5K for samples with

(a) the lowest and (b) the highest Mg concentration. Best-fit

Gaussian curves represent DAPnative emission with two LO-

phonon replicas (red dash line) and Mg-related DAP (DAPMg)

emission (blue dot line).
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proportional to the cube root of the donor (acceptor)

concentration N. The recombination of an electron with a

hole leads to the emission of phonons caused by the electron

(hole)–phonon interaction. In case of strong phonon-

coupling, that is strong interaction with the lattice, several

replicas can be observed. The appearance of phonon replicas

in the DAPnative emission suggests that the donor/native

occupy lattice sites with strong phonon-coupling. On the

other hand, the DAPMg transition does not exhibit phonon

replicas, suggesting weaker coupling and perhaps suggest-

ing that Mg forms an acceptor band. A red shift in DAPnative
and a blue shift in DAPMg peak positions with increasing

Mg concentration are observed in Fig. 2. The DAP emission

red and blue shift are related to the reduction in the native

impurity concentration and to the increase in the Mg

concentration, respectively, which results from changes in

the Coulomb energy of the DAP transition as expressed in

Eq. (4). The decrease in the phonon replica intensities in the

highest Mg concentration film as shown in Fig. 2(b),

indicates a weaker phonon coupling between the native

impurities and the lattice, possibly due to a reduction of the

native impurity concentration by the lowered III/V ratio,

which favors the reduction of VN formation.

Figure 3 shows CL spectra of samples A and D, taken at

room temperature where the phonon replicas are suppressed

by thermal effects. Therefore, two Gaussian curves, one

each for DAPnative and DAPMg, are sufficient to fit the DAP

region at sufficiently high temperatures. The high energy tail

of the DAPMg emission crosses the vertical dashed line

which represents the 3.43 eV band gap of GaN at room

temperature. This can be interpreted as the Mg acceptor

level intercepting the valence band. This idea agrees with

the reduced effective Mg activation energy calculated in

Table 1.

To determine the effects of Mg concentration on the

luminescence properties, we plot in Fig. 4 the energy peak

position and full-width-at-half-maximum (FWHM) of both

DAP emission peaks, extracted from CL spectra like in

Fig. 3, as a function of Mg concentration. In Fig. 4(a),

the DAPnative peak emission exhibits a red shift of up to

100 meV with increasing Mg concentration, whereas the

DAPMg shows a blue shift of�20meV. A DAP red shift can

be associated to a reduction in the Coulomb interaction

which is inversely proportional to the spatial separation of

ionized donors and acceptors. The observed DAPnative red

shift is due to a reduction of the Coulomb interaction as their

relative concentrations decrease as a result of increasing Mg

concentration [36]. In a similar manner, the increase in Mg

concentration in Fig. 4(a) leads to the blue shift of the

DAPMg.

The FWHM of the DAPnative emission in Fig. 4(b)

remains fairly constant with increasing Mg concentra-

tion, confirming that its optical transition does not

involve a Mg acceptor. On the other hand, the FWHM of

the DAPMg emission exhibits an increase of �150meV

with Mg concentration, indicating the widening of the

acceptor band toward the valence band edge. Figure 5

compares CL spectra of p-type GaN films grown by

MME and MOCVD with [Mg] in the range of

2–5� 1019 cm�3 [37]. The sharp emission at 3.471 eV

of the MOCVD-grown film is associated to the

underlying unintentionally-doped GaN film. The high

energy tail of the DAP region in the MME-grown film

crosses the GaN valence band at �3.5 eV, which is not

the case in the MOCVD case. The MOCVD-grown p-type

GaN exhibits a DAP region at lower energies, suggesting

a lower chance of the DAPMg intercepting the valence

band. This could exlpain why high hole concentrations

and absence of carrier freeze-out have only been

observed in films grown by MME [30].

Figure 3 CL spectra for samples A andD taken at 295K. Red and

green dashed Gaussian curves represent DAPnative and the DAPMg

emissions, respectively. Increasing Mg concentration results in a

red shift of DAPnative and a blue shift of the DAPMg.

Figure 4 Dependence of the DAP (a) peak position and (b) full-

width-at-half-maximum (FWHM) as a function of Mg concentra-

tion at 295K. In (a), the DAPnative redshifts with increasing [Mg],

whereas the DAPMg blueshifts. In (b), the DAPnative FWHM does

not vary with increasing [Mg], suggesting DAPnative is not related

to Mg.
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The reduction of the native impurity concentration with

increasing Mg concentration, as suggested in Figs. 2(b) and

4(a), can be further observed by comparing the total DAP

emission for various Mg concentrations as a function of

carrier injection density, as shown in Fig. 6. The carrier

injection is generated in the solid by the electron beam in the

SEM. The black solid line and the red dashed line spectra

were taken under low and high carrier injection densities,

Jlow¼ 4� 1013 and Jhigh¼ 104xJo¼ 4� 1017 e–h pairs

cm�3, respectively. As mentioned for Fig. 3, the DAP

region consists of two luminescence peaks, DAPnative and

DAPMg. At low Mg concentrations in Fig. 6(a), the increase

in carrier injection density does not alter the shape of the

DAP region. This means that the donor and acceptor

concentrations of both DAP recombination channels are

sufficiently large and do not saturate at higher injection

densities. At intermediate Mg concentrations, in Fig. 6(b)

and (c), we observe a progressive red shift of the DAP peak

at higher carrier injection densities. The DAP region

maintains an asymmetric shape suggesting that the

contribution of both DAPs is still present at high injection

densities, with a slight contribution of the DAPMg

transition. However, this is not the case for sample D

with the highest Mg concentration seen in Fig. 6(d), where

the DAP region is symmetric at high carrier injection

densities. This indicates that the DAPMg recombination

channel is now dominant and the DAPnative transition has

saturated. Sample D was grown at lower III/V ratios and

higher Mg cracker temperatures. One way to interpret our

observations is to consider the growth parameters: (i)

Increasing the Mg cracker temperature naturally is

expected to increase the [Mg]. (ii) Decreasing the III/V

ratio is expected to: (a) increase the density of group-III

sites, facilitating the incorporation of Mg in Ga sites as

substitutional acceptors; and (b) decrease the nitrogen

vacancy (VN) (i.e., native impurity) concentration, reduc-

ing the known compensating effect on Mg acceptors in

p-type GaN. A decrease in VN concentration is responsible

for the saturation of the DAPnative transition at high

injection densities, because Jhigh> [VN] at high Mg

concentrations. The observed quenching of the DAPnative
LO-phonon replicas from Fig. 2(a) to (b), and the observed

red shift of the DAPnative with increasing Mg concentra-

tion, in Fig. 4(a), further support the idea of the decrease of

this native impurity concentration as discussed earlier.

5 Conclusions We have studied the optical, electri-

cal, and structural properties of Mg-doped GaN. We report

that the absence of LO-phonon replicas in the DAPMg

emission and an increase of its FWHM with increasing Mg

concentration confirm the existence of a Mg acceptor band,

which is found to intercept the valence band of GaN,

resulting in the increase of the hole concentration and in the

elimination of carrier freeze-out, as has already been

observed in similar materials grown by the MME technique.

The observations consist of (i) quenching of the DAPnative
LO-phonon replicas, (ii) red shift of the DAPnative emission

energy, and (iii) saturation of the DAPnative emission

intensity at high carrier injection current densities. Our

studies show that the native impurity concentration VN

decreases with increasingMg concentration, and support the

notion that higher Mg cracker temperature and the decrease

in the III/V ratio facilitates the incorporation of Mg as

substitutional acceptors. No precipitates were found, even

for Mg concentrations higher than the estimated solid

solubility limit, indicating that metal-modulated epitaxy

with proper growth conditions optimizes lateral diffusivity

of Mg as well as Mg incorporation, while maintaining a

layer-by-layer growth.

Figure 5 Low-temperature CL spectra of p-type GaN grown by

MOCVD (solid line) [37] andMME (dashed line), with [Mg] in the

2–5� 1019 cm�3 range.

Figure 6 Effect of carrier injection density on the DAP emission.

Black solid line CL spectra were taken at low carrier injection

densities Jlow while the red dashed line CL spectra were taken at

Jhigh. The DAP emission exhibits an increasing red shift from (a) to

(d) as the [Mg] increases due to saturation of the DAPnative
recombination channel.
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