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Porous GaN layers are grown on silicon from gold or platinum catalyst seed layers, and

self-catalyzed on epitaxial GaN films on sapphire. Using a Mg-based precursor, we demonstrate

p-type doping of the porous GaN. Electrical measurements for p-type GaN on Si show Ohmic and

Schottky behavior from gold and platinum seeded GaN, respectively. Ohmicity is attributed to the

formation of a Ga2Au intermetallic. Porous p-type GaN was also achieved on epitaxial n-GaN on

sapphire, and transport measurements confirm a p-n junction commensurate with a doping density of

�1018 cm�3. Photoluminescence and cathodoluminescence confirm emission from Mg-acceptors in

porous p-type GaN. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821191]

Gallium nitride (GaN) is considered one of the most im-

portant wide band-gap semiconductors for a number of

applications in electronics and optoelectronics.1 In its porous

form, GaN has received particular interest due to beneficial

optical and electronic properties for gas sensors with high

sensitivity2 and light-emitting diodes (LEDs) with high light

extraction efficiency.3 The formation of p-type porous GaN

is particularly relevant4 for the fabrication of junctions and

active regions for GaN-based LEDs with improved light

extraction efficiency and external quantum efficiencies by

gradation of the effective refractive index.5 Porous GaN has

been typically fabricated by (photo)electrochemical and

chemical etching methods,6–9 predominantly a top-down

etching of epitaxial GaN, giving textured surfaces as a result

of pore coalescence and variations in etch rates for extended

etching times. A range of nanoscale III-N materials10,11 in

arrays and assemblies spanning emission from the blue to

red regions of the visible spectrum,12 and white light emit-

ting light emitting devices and multi quantum wells have

also been realized.13 The ability to form relatively uniform,

crystalline porous GaN layers over large areas without

unwanted surface damage through complex etching without

photolithographic masking or processing is challenging.

Previously, we reported the bottom-up growth of low-

resistivity, Ohmically contacted porous n-GaN in a single

growth step14 without the need for any secondary etching or

chemical treatment after growth to induce porosity.15,16

Mg is the dopant most commonly used to generate

p-type conductivity in GaN. Mg substitution of Ga in the GaN

lattice is the shallowest acceptor which can be introduced in

sufficient concentrations to enable p-type conduction.

In this letter, we detail the growth of porous GaN on Si

and epitaxial GaN substrates on sapphire and evidence the

introduction of p-type character by Mg-doping. Porous GaN

formation was conducted within a chemical vapor deposition

(CVD) system with growth on Si proceeding via the use of

either a Pt or Au catalyst layer. Electrical transport measure-

ments for the porous p-type GaN grown on Si from Au and

Pt show Ohmic and Schottky behavior, respectively, with the

former attributed to the formation of an Au/Ga intermetallic.

Porous p-type GaN growth was also achieved on non-porous

n-type epitaxial GaN and electrical transport measurements

were used to confirm the formation of a p-n junction com-

mensurate with the formation of p-type GaN. Additional evi-

dence for the formation of p-type GaN was also obtained

from low temperature photoluminescence (PL) data which

showed clear differences for the undoped and Mg-doped

samples.

GaN doped with Mg was produced through the direct

reaction of metallic Ga with NH3 in a simple CVD system.

Nanoporous GaN microparticles were deposited on silicon

(100) substrates with an area of 1 cm2 coated with 20 nm

thick films of Au or Pt used as the growth catalyst in a hori-

zontal tubular furnace Thermolyne 79300 (see schematics in

Figure 1). Further details can be found elsewhere.14,15 Mg

doped samples were annealed in atmosphere of N2 for

20 min in order to break Mg-H complexes and activate the

p-type conductivity of porous GaN. The epitaxial GaN sub-

strates had n-type (doped with Si) conductivity. Mg-doped

porous GaN was also grown on epitaxial n-type GaN sub-

strates on sapphire. Gallium metal (99.99%), ammonia

(>99.98%), and magnesium nitride (99.95%) were used as

the Ga, N, and Mg sources, respectively, with the magne-

sium source placed 4 cm up-stream of the Ga source. The

porous GaN layers were imaged using a JEOL JSM 6400

scanning electron microscope (SEM). PL was excited by

244 nm emission (second harmonic of 488 nm line) from a

cw Ar-ion laser with power density of 2 W/cm2. PL spectra

were acquired using a Horiba iHR320 spectrometer equipped

with a Synapse CCD matrix. Samples were placed in an

evacuated chamber of a Janis closed-cycle helium cryostat
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for PL measurements at different temperatures. Room tem-

perature cathodoluminescence (CL) imaging and spectros-

copy were performed in a field emission scanning electron

microscope (Zeiss Supra 55) operating at 5–10 keV and

200 pA using a Gatan MonoCL 2 system and a Hamamatsu

photomultiplier tube (R2228) over a scanned area of

4000 lm2. All spectra were corrected for the monochromator

and detector response and normalized to maximum intensity.

X-ray diffraction (XRD) measurements were made using Cu

Ka radiation in a Bruker-AXS D8-Discover diffractometer

operated at 40 kV and 40 mA, equipped with parallel incident

beam (G€obel mirror), a General Area Diffraction Detector

System (GADDS), and a 500 lm2 X-ray collimator system.

Figure 1(a) shows schematic presentation of porous

GaN on Si with Ga2Au and Pt-Ga intermetallic layers. The

XRD pattern shown in Figure 1(b) for Mg doped GaN con-

firms crystalline wurtzite GaN. Figures 1(c) and 1(d) confirm

that the porous GaN particles have a characteristic morphol-

ogy consisting of faceted crystals with a mean size of

�1.5 lm, similar to that observed in undoped samples.14 In

both cases, crystal growth occurs progressively on the sur-

face with individual crystals until a layer of porous GaN

microcrystals covers the surface as a porous layer.

Two-probe electrical measurements of the various Mg-

doped GaN samples were conducted using In/Ga liquid eutec-

tic contacts and a Biologic SP-50 potentiostat. An In/Ga

eutectic droplet was used as the Ohmic contact. Linear voltage

sweeps were obtained between the range of �3 V and 3 V

with a 50 mV/s sweep rate. Figures 1(e) and 1(f) show I-V

curves taken from Mg-doped porous GaN grown from Au-

and Pt-coated Si (100) substrates, respectively. For samples

grown using an Au catalyst, a near Ohmic contact behavior

was repeatedly observed which is consistent with the forma-

tion of a Ga2Au intermetallic between the underlying substrate

and GaN material9 in a similar way observed for undoped

porous GaN particles.14 However, for the GaN samples grown

using Pt as catalyst, the response was markedly different with

the profile indicating the formation of a Schottky contact. For

porous GaN specifically, the thickness is determined by the

size of the crystals and their assembly on the surface, which

results in a “rough” topology, with a high density of grain

boundary scattering centers. For electrical measurements, par-

ticle distributions14 confirm that both nearest neighbour dis-

tances and overall distribution of various nonspherical catalyst

material prevent the formation of a percolating conduction

layer beneath the GaN; the electrical characterization is of the

porous GaN polycrystalline layer. At room temperature, the

effective linearity of the I�V response measured for porous

GaN to high work function metals, with an intermetallic seed

layer between the metal and GaN, is maintained at high bias.

As stated earlier, the Pt-Ga alloy results in a Schottky contact

to the porous p-type GaN. The Schottky barrier height uo
B;p

(SBH) can be estimated from I ¼ I0exp½ðqV � IRsÞ=kT � 1�
with I0 ¼ AA��T2expð�quo

B;p=kTÞ, where A** is the effective

Richardson constant (26.4 A cm�2 K�2).17 The estimated

SBHs for Pt contacted porous p-GaN is 0.57 eV. While a

small in-built potential also exists for the Au-contacted sam-

ple, the symmetry in the response at negative bias confirms

that the presence of the intermetallic Ga2Au at the GaN-Si

interface prevents a rectifying barrier. Also, as with uninten-

tionally n-type GaN growth we investigated previously,14 the

Pt-Ga contact to the GaN at the silicon interface results in an

order of magnitude higher current, but in the case of p-GaN,

the transport mechanism gives a non-linear, Schottky-type

response.

To further investigate the nature of the Mg-doped po-

rous GaN, it was grown on epitaxial n-type GaN substrates

(without the presence of catalyst layer) under the same con-

ditions. In this case, the porous crystals of GaN have a differ-

ent morphology as the porous GaN was found to be grown

oriented along the c-axis direction with respect to the epitax-

ial GaN on the substrate (Figures 2(a) and 2(c)). Figure 2(b)

shows I-V measurements taken between the underlying epi-

taxial n-type GaN substrate and the porous p-type GaN of

porous contacts; the clear p-n junction response confirms the

formation of p-type porous GaN confirmed by the asymmet-

ric diode response in Fig. 2(d) where a clear exponential I-V

relationship is found. The high bias resistance turn-over of

the porous p-type GaN occurs at �1 V. At this voltage, the

exponential current increase results in high level carrier

injection across the junction as the voltage is increased, and

then follows a linear dependency on applied voltage above

1 V (and is found to remain so up to �5 V in all cases), con-

sistent with an effective series resistance which is believed

to arise from the high density of inter-crystal contacts within

the porous GaN layer. These values are consistent with cor-

responding characteristic voltages found in uniform epitax-

ially grown GaN.18

The barrier to the exponential current increase is found

to be much lower than the expected GaN diode response,

i.e., Eg/q� 2.16 V. The knee voltage where significant

FIG. 1. (a) Schematic presentation of porous Mg-doped GaN on Si with

Ga2Au and Pt-Ga intermetallic layer, (b) X-ray diffraction pattern of porous

Mg doped GaN on Si; SEM images of porous Mg-doped GaN grown on Si

substrates coated with (c) Au and (d) Pt and corresponding I-V curves for

(e) Au- and for (f) Pt-seeded GaN.
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current is seen is found to be in the range of Eg/6q–Eg/4q,

i.e., 0.36–0.54 V. This response has several features that

have been seen in InN and GaN nanowires arrays but not in

bulk or thin film GaN.19 However, the p-type nature of the

porous GaN is confirmed and in both cases, low reverse bias

leakage current are found for the porous assembly of GaN

crystals in the layer.

The effective hole density is estimated at 300 K for the

porous GaN layer from np ¼ NCNVexpð�Eg=kTÞ, where

NC¼ 4.3� 1014�T3/2 cm�3 and NV¼ 8.9� 1015�T3/2 cm�3 are

the effective densities of states of the conduction and valence

bands, using the effective hole and electron masses for wurtzite

GaN at 300 K.20 Using n¼ 1019 cm�3 for the epitaxial n-GaN,

we estimate the hole density for the porous p-GaN to be

�9� 1018 cm�3. From the Poisson distribution of space charge

distribution leading to the dependence of majority and minority

carrier densities across an abrupt, one-side junction, the barrier

potential VB across the depletion region for the porous GaN

junction is estimated as VB ¼ kT=q lnðNDNA=n2
i Þ¼ 0.9 V,

where ND and NA are the donor and acceptor densities, respec-

tively, determined for the charge neutrality condition

pþ NþD ¼ nþ N�A , and ni
2¼ 2.8� 1011 cm�3 is the intrinsic

doping density of GaN estimated by the e–h product above.

The value (at zero applied bias) is greater (Eg/2.5q) than the

knee voltage, although typically found for epitaxial GaN with

knee voltages in p-n junctions >2 V. This discrepancy is likely

due to a graded junction and similar to other nanoscale III-Ns

that show similar behaviour but for porous GaN does not seem

to be a dominant size effect (micron sizes crystals).

Cathodoluminescence investigations of the Mg-doping

of porous GaN was performed using two different quantities

of dopant precursor. Figure 3(a) shows SEM and CL images

of porous n-GaN crystals within the porous layer. Porous

GaN allows a considerable signal to be observed for the

band-edge emission compared with that at Vacc¼ 20 kV.21

Typically, epitaxial or MBE grown GaN films suffer from

low intensities due to e-h pair formation at low voltages

which increases surface recombination that is non-radiative.

In this case of porous GaN, the emission is enhanced at the

high density of sharp edge surfaces found on the crystal and

thus throughout the porous film. Figure 3(b) shows a pair of

SEM and CL images of porous GaN doped with 2.5% and

15% Mg and their corresponding CL spectra (Fig. 3(c))

recorded at room temperature. In the spectra acquired at

an accelerating voltage, Vacc¼ 10 kV, a shift of the CL peak

is found in comparison to undoped GaN. The yellow-

luminescence (YL) seen from CL shows two contributions,

typically ascribed to pair recombination and deep level emis-

sion characteristic of doped p-type GaN. The near-band edge

emission is similar in both doped samples and not found in

undoped GaN, but lower in energy (397 nm) than the

bandgap emission from GaN (the monochromator edge was

368 nm for Mg-doped CL).

PL measurements were performed on both Mg-doped

samples and undoped porous GaN to conclusively define

the p-type character of the crystals. Figures 3(d) and 3(e)

show PL spectra taken at 11, 150, and 300 K at a constant

laser power density. We observe that the undoped GaN

crystal forming the porous layer exhibit expected band-

edge luminescence, blue-shifting from 3.43 eV at 300 K

to 3.46 eV at 11 K with a narrow FWHM of �12 meV.

Emission from high energy bound excitons sometimes

observed in epitaxially grown GaN (of any conduction

type) is not found in these samples. The capture of excitons

by deep energy centers often from localized states accom-

panying defects in epitaxial GaN films drastically limit

the radiative recombination near the band gap, which is

detrimental for device function. The near band-gap

FIG. 2. (a) Schematic presentation of porous GaN on epitaxial GaN sub-

strate. (b) I-V curve of the p-n junction formed between porous GaN doped

with Mg and n-type epitaxial GaN. (c) Top-view SEM image of the porous

GaN layer. (d) ln I(V) curve of the porous p-GaN corresponding to the I-V

curve in (b).

FIG. 3. (a) Secondary electron (SE) and CL images of n-GaN crystals at

5 kV. (b) SE and CL images of porous GaN with 2.5% and 15% Mg-

precursor at 10 kV. (c) Cathodoluminescence spectra from Mg-doped porous

GaN crystals before and after Mg-doping. (d) Temperature-dependent PL

spectra of undoped and (e) Mg-doped GaN acquired after excitation at

325 nm (3.8 eV). The inset shows the PL emission on a linear scale.
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luminescence in Figure 3(d) is quite broad for undoped

GaN crystal forming the porous layer.22 None of the con-

stituent phases at the silicon interface (Pt, Au, their alloys,

etc.) contribute to the luminescence. The blue luminescence

is often attributed to recombination between a deep donor

and a Mg acceptor.23,24 Broad emission near the band gap

typically results from tailing of the density of states due to

randomly distributed impurities, but the emission band-

width reduces at high doping densities. We find that the

near-band gap emission and band-edge emission equilibrate

in intensity at 150 K, but the band-edge emission dominates

at higher and lower temperatures.

The PL spectrum of the porous GaN crystals after acti-

vation of Mg conclusively demonstrates Mg incorporation as

an acceptor state in the GaN lattice, resulting in the p-type

character confirmed through I-V measurements in p-n junc-

tions. The room temperature band-edge emission is margin-

ally lower energy at 3.41 eV compared with the n-type

material, but this emission is located at a consistent value of

3.46 eV at temperatures down to 11 K with a narrow FWHM

of �5 meV. The band gap emission in both materials is over

an order of magnitude more intense at 11 K compared with

150 K. We do observe some emission at very high super-

bandgap energies of �3.5 eV, consistent with a free or

shallow-bound exciton. As the GaN is Mg doped and neither

Si nor shallow O donor-bound excitons are likely, we attrib-

ute this weak emission to acceptor bound excitons linked to

Mg incorporation. Deeply bound-exciton emission is not

observed from the substrate-GaN interface and no reduction

in band-edge energy is found due to bound excitons linked to

atomic vacancies.

The band-edge luminescence is followed by the donor-

acceptor pair (DAP) luminescence at 3.27 and 3.28 eV at

150 and 11 K, respectively. This DAP emission is not found

at 300 K for the p-type porous GaN. This type of emission

has been previously observed and attributed to the formation

of a Mg complex or some native defect level. As expected

from Mg acceptors in doped GaN, we find the longitudinal

optical (LO) phonon replicas at 3.18 and 3.19 eV at 150 and

11 K, respectively, with several harmonics observable at

11 K, indicating that the electronic quality of the doped GaN

crystals directly on Si matches that of epitaxially grown p-

doped GaN.25

Yellow luminescence (YL) in n-GaN is normally attrib-

uted to point defect Ga vacancies, impurities, such as oxygen

and carbon.26 YL is also present in Mg-doped GaN, as

observed in Figure 3(e). The marked intensity variation in

band-edge and YL as a function of temperature is seen on a

linear scale in the inset. Most probably, the YL arises from a

transition between the conduction band or shallow donors27

and deep acceptor levels caused by crystallographic point

defects in the GaN crystals28 since we find that the YL emis-

sion profile and temperature-dependence is similar and char-

acteristic of both undoped and p-type GaN crystals

comprising the porous GaN layer. The YL is weakly

temperature-dependent and is not found to vary considerably

due to Mg incorporation into the lattice.

In summary, we have shown that high structural and

electronic quality p-type GaN can be grown as single crys-

tals directly on Si and also on epitaxial GaN substrates on

sapphire as a porous layer. On Si, vapor-solid-solid growth

catalyzed by either Au or Pt allows GaN growth with the

direct formation (in the case of Au) of an Ohmic intermetal-

lic contact, without unwanted effects of interfacial resistive

oxide formation nor the need for post-deposition annealing

steps to introduce Ohmicity. Self-catalyzed growth of po-

rous p-type GaN is also demonstrated to be possible on sap-

phire and grows with a similar porous morphology. P-n

junction measurements of porous GaN and epitaxial GaN

show that Mg incorporation from the precursor results in p-

type conduction character. The overall method of using

intermetallic as Ohmic contacts could also be applied to

simultaneously grow and contact nanoscale III-N com-

pounds and nanoscale arrays of p-n junctions for optoelec-

tronic devices, and on epitaxial GaN, this extends to p-n

junctions of porous crystalline assemblies that are strongly

c-axis aligned with the underlying opposite conduction type

GaN substrate. Porous III-N materials with rational doping

also have great potential for wide band-gap biosensors.
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