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a b s t r a c t
Mn doped GaN films have been studied by conductive Atomic
Force Microscopy (AFM), Cathodoluminescence (CL) and Electron
Beam Induced Current (EBIC). AFM measurements revealed the
presence of pinholes with diameters between 130 and 380 nm. The
distribution, density and size of the pinholes depend on the Mn
doping concentration. AFM Leakage Current images (LC) show a
defined contrast at the pinhole planes {1011̄} in the sample with
Mn concentration of 6.2 × 1020 cm−3 . For the sample with an Mn
concentration of 1.1 × 1020 cm−3 , LC contrast appears around the
pinholes, while no LC contrast was observed for sample with lower
Mn concentration. CL measurements indicate that the samples
exhibit strain related to Mn incorporation. In correlation with LC
measurements, EBIC images show that pinholes are recombination
sites. The combination of these techniques enabled us to analyze
the Frenkel–Poole conduction in the samples and its relationship
with the residual strain and the doping concentration in the
films, which would exclude the mechanism of conduction through
dislocations.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction
Threading dislocations with a screw component are the origin of high leakage currents in devices
based on nitride semiconductors. A number of articles [1–4] report conductive AFM as a tool to
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Table 1
Mn content and resistivity of GaN samples prepared by PI-MBE.
Sample no.

Mn (cm−3 )

Resistivity ( cm)

1
2
3

6.2 × 10
1.1 × 1020
5.3 × 1019

17.2 × 10−3
46.7
2.5 × 107

20

image the current paths of these structures. By simultaneously mapping topography and current
distribution, C-AFM allows us to establish a direct correlation of the contacted area with its electrical
properties, which makes this technique very useful to identify and investigate localized current paths.
However, in previous works the recorded AFM images are usually more than 5 µm wide, while
atomic force microscopy typically resolves nanometric structures. As a result the details of conduction
through the dislocation area are ignored and the general assumption of conductivity associated to
dislocations is assumed. Several studies for both, metalorganic chemical-vapor deposited (MOCVD) [5]
GaN films as well as for GaN grown by molecular-beam epitaxy (MBE) [6] have shown that conduction
along threading dislocations (TD) is the primary mechanism responsible for the leakage current in the
films. In Ref. [5], films with a high density of TD dislocation and almost dislocation free epitaxial lateral
overgrowth films were compared, concluding that reverse-bias leakage current is strongly influenced
by the TD density. The results reported in Ref. [6] show that in similarly grown material most of the
current leakage paths are located on spiral hillocks, suggesting that screw or mixed dislocations are
responsible for the leakage current. On the contrary, other works show that not all the dislocations
with screw component conduct current or have an influence on the detected leakage current [4,7].
The previous results indicate that the electrical behavior of dislocations is significantly influenced by
the growth conditions.
The objective of this work is to study the role of threading dislocations and defects in the
conduction mechanism exhibited by GaN films doped with Manganese. In this work Mn doped GaN
films have been studied by conductive AFM, CL and EBIC in the the scanning electron microscope. The
combination of these techniques allows us to analyze the Frenkel–Poole conduction exhibited by the
samples and its relation with the residual strain and the doping concentration in the films.
2. Experimental setup
The Mn doped GaN films were grown on (0001) sapphire by Plasma Induced Molecular Beam
Epitaxy (PI-MBE). The samples were grown in Ga-rich conditions, with a growth window for the Ga
flux around p(Ga) = 2 × 1015 cm−2 s−1 . The Nitrogen flux was held constant for all the samples
p(N) = 8 × 1014 cm−2 s−1 . With these conditions a better incorporation of nitrogen into the
lattice was induced, and high crystalline quality was obtained. Due to the growth under metal-rich
conditions, metallic droplets were formed at the film surface. The droplets were removed by HCl
etching. A detailed description of the growth procedure can be found in Ref. [8]. The samples consist
of a 10 nm-thick AlN buffer layer on a sapphire substrate and a 1.2 µm-thick Mn doped GaN epilayer.
Three samples with different impurity concentrations were prepared. The impurity concentration was
recorded by elastic recoil detection (ERDA) (Table 1). Sheet resistivity measurements by the van der
Pauw method at room temperature were obtained by four small electrical contacts fabricated with
silver paint, using a Keithley 2400 as power supply and amperemeter. The resistivity values of the
samples are shown in Table 1.
The films were studied by Atomic Force Microscopy (AFM) in Conducting-AFM (C-AFM) mode
using a Nanotec-SPM operated at room temperature. For C-AFM experiments, forward leakage current
(LC) was measured by applying a voltage bias between a conductive cantilever covered with Pt–Cr
and a contact fabricated with Ag paint on the sample. In our setup, the sample is polarized and
the cantilever tip is grounded. Forward current corresponds to a positive voltage applied to the
sample. The leakage current collected through the Schottky contact formed between cantilever and
GaN surface was detected using a Keithley-428 current amplifier. The electrical properties of the
samples were also studied by Electron Beam Induced Current (EBIC) and Cathodoluminescence (CL)
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Fig. 1. (a) AFM images of sample 1 with several metallic Mn dots and (b) 3D image of V-shaped pinhole, and of (c) samples 2
and (d) sample 3 with grouped pinholes.

in the scanning electron microscopy. A Leica S-440 scanning electron microscope with electron beam
energies between 10 and 15 keV was used. For EBIC measurements Au/GaN Schottky contacts were
used in planar configuration. CL measurements were performed at a sample temperature of 77 K in
the visible range with a Hamamatsu R928 photomultiplier and a Hamamatsu PMA-11 CCD camera.
An Oriel computer controlled monochromator was used for spectral analysis of the emission.
3. Results
AFM topographical measurements revealed the formation of pinholes with diameters between 130
and 380 nm (Fig. 1) in the samples. The AFM images of sample 1 with the highest content of Mn,
show isolated pinholes with diameters of about 300 nm in a surface composed of numerous pits and
droplets of residual metallic Mn (Fig. 1(a)). 3D Normal-force images acquired in this sample revealed
the typical V shape of pinholes formed by the {1011̄} pyramidal planes [9,10] (Fig. 1(b)). The average
density of pinholes in sample 1, measured from the AFM images was about 3×107 cm−2 . Pinholes were
also found in samples 2 and 3 (Fig. 1(c) and (d)) with an average diameter of about 150 and 270 nm,
respectively. The density of pinholes varies from 9 × 108 cm−2 for sample 2 with the smallest pinholes
to 7 × 108 cm−2 for sample 3. The pinholes in samples 2 and 3 usually form groups of several pinholes
sharing a common hollow area on the surface as observed in Fig. 1(b) and (c). The RMS roughness of
the film surface decreased with the incorporation of manganese in the final film composition. Typical
values obtained from AFM images are about 0.7 nm for sample 1, 8.7 nm for sample 2, and 12.6 nm
for sample 3.
LC images of sample 1 recorded on the region shown in Fig. 2(a), show contrast at the oblique
pinhole planes for a forward bias higher than 1 V (Fig. 2(b) and (c)). For other regions far from pinholes,
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Fig. 2. (a) AFM and (b) and (c) C-AFM images of a pinhole in sample 1 with electrical activity at 1 V and 2.5 V, and (d) the
surface of this sample with (e) leakage current signal at 2.3 V. Z-scale in C-AFM images is giving in pA.

as the one shown in Fig. 2(d), the LC images show a contrast with bright regions and dark lines which
seems to be related to the grain structure of the film (Fig. 2(e)). The surface of sample 2, as the area
shown in Fig. 3(a) and (b), exhibits LC contrast (Fig. 3(c)). As observed in Fig. 3(d) by superimposing
the topographic and C-AFM images, the contrast is related to the surrounding areas of the pinhole
groups. For sample 3 no LC signal was detected.
Representative I–V curves of different regions in samples 1 and 2 (Fig. 4(a)), show that detectable
forward LC is produced for an applied bias higher than 1.5 V in sample 1 and 3.5 V in sample 2. These
√
measurements show a linear relation between ln (I) and the square root of the applied voltage V
(Fig. 4(b)), which indicates Frenkel–Poole conduction in the samples. I–V curves acquired in a pinhole
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Fig. 3. (a) AFM image and (b) lateral-force-AFM image (z-scale in nN) of pinholes in sample 2. (c) C-AFM image of this region
recorded at 3.5 V with a leakage current produced around the pinhole (z-scale in pA), as the composed image (d) shows.

of sample 1 revealed LC signal by forward and reverse bias (Fig. 4(c)), with a hysteresis produced with
the change in direction of the applied voltage ramp. To acquire an I /V curve, our AFM system first
applies a forward bias during 168 ms, and then a reverse bias for 168 ms. Fig. 4(b) and (d) were plotted
from forward bias (from negative to positive voltages). This behavior was observed at long separations
between the cantilever and the Ag paint contact, and can be associated to the slow electric response of
the defect with the variation of the applied bias voltage, although the conduction mechanism is also
of Frenkel–Poole type as shown in Fig. 4(d).
Fig. 5 shows EBIC images that reveal a decrease of the collected current at pinholes, which appear
as small dark spots of about 200 nm in diameter. Similar types of dots are observed in EBIC images of
Si doped AlGaN films [11].
CL spectra were acquired at 15 kV. High (low) excitation density corresponds to a beam-current
density of about 7.8 × 10−5 nA/µm2 (1.9 × 10−7 nA/µm2 ). CL spectra of an extended area of the
samples 1 and 2, acquired at high excitation density show a band centered at about 3.49 eV with a
shoulder centered at about of 3.4 eV (Fig. 6(a)), which correspond to band edge and defect related
emissions. The sample 3 exhibits a broad emission centered at about 3.37 eV. CL spectra acquired
with low density of excitation show bands centered at 3.35, 3.33 and 3.25 eV for samples 1, 2 and 3
respectively (Fig. 6(b)). Deconvolution of the CL spectra of samples 1 and 2 (not presented here) shows
two components centered at about 3.35 and 3.0 eV.
4. Discussion
As described above, the density of V-defects, between 107 and 108 cm−2 , in the Mn doped
GaN films, corresponds to the expected dislocation density in this kind of samples. TEM studies of
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Fig. 4. (a) Leakage current values recorded by forward bias applied in samples 1 and 2. (b) The plot of current and bias square
root reveals a Frenkel–Poole conduction mechanism in samples. (c–d) Leakage current signal recorded in a pinhole of sample
1 revealed the same conduction mechanism.

V-pinholes in GaN films have shown that dislocations and inversion domains in GaN are responsible
for the formation of V-defects [9,12,13]. However, in the growth of GaN on AlN as buffer film by
MOCVD, these defects are formed at the interface GaN/AlN by chemical etching around the threading
dislocations of the AlN film [12]. The angle between the arms of V-defects measured in AFM images
is between 50◦ and 60◦ , which agrees with the value of 56◦ expected to the {1011̄} planes in GaN.
From this angle, and the diameter of the V-pinholes, the depth range of these defects was estimated
to be between 44 and 128 nm. The depth of the pinholes measured directly from the AFM Z-profile
agrees with these values, although these measurements could underestimate the actual depth values,
depending on the ratio between the tip diameter and the pinhole diameter near the pinhole apex.
Since the GaN film has a thickness of 1200 nm it appears that the V-pinholes are not formed at the
GaN/AlN interface. As the pinholes are not formed at the interface, threading dislocations or misfit are
excluded to induce pinhole formation. Therefore, pinhole formation should be related to the residual
stress in the films induced by doping with Mn. Moreover, similar defects have been found also in
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Fig. 5. (a), (b) and (e) SEM and (b), (d) and (f) EBIC images of samples with pinholes recorded as black spots. The bar in the
figures corresponds to 300 nm.

InGaN [14] and AlInGaN [10] thin films and their formation has been attributed to the residual strain
in the films [15].
C-AFM measurements revealed forward and reverse leakage current from pinholes in sample 1,
which follows a Frenkel–Poole current–voltage characteristics (Fig. 4). Within this model, the current
is produced by a field-assisted thermal activation of electrons located in deep levels [16]. Conductivity
associated with dislocations is a common assumption when the origin of the leakage current in
different semiconductors is analyzed. For GaN and AlGaN samples, Zhang et al. [1] concluded from
the analysis of temperature-dependent current–voltage characteristics measured in a Conductive
AFM system, that at room temperature the current flow is due to the emission of electrons from a
trap state near the metal–semiconductor interface into a continuum of states associated with each
conductive dislocation. Although deep acceptors and electric charge at threading dislocations in GaN
are expected [17,18], the LC signal in the samples occur very far from the center of V-defects (more
that 50 nm), so that the leakage current at the pinholes cannot be related directly to the presence of
a dislocation whose core is located at the apex of the pinhole, but rather to the distribution of defects
and impurities in this area due to the stress relaxation induced by the pinhole formation. Strain in Mn
doped GaN films possibly can explain the origin of the deep defects responsible for the LC signal. Due to
the lattice and the thermal expansion coefficient mismatches between the GaN films and the sapphire
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Fig. 6. CL spectra of samples recorded for (a) high and (b) low electron excitation conditions.

substrate these samples exhibit biaxial strain. Another origin of the strain is the incorporation of a high
amount of Mn [19]. Therefore, the current should be produced by the emission of electrons from traps
or deep levels introduced by defects or impurities, which are present in the {1011̄} planes, directly into
the semiconductor. Also, we have previously found recombination of carriers at dislocations through
a shallow acceptor level located at about 20 meV above the valence band for AlGaN [11], a mechanism
that is in competition with a conduction process.
In sample 2, an LC-signal was recorded only around V-defects as shown in Fig. 3(c). Any drift of
both images (topographic and current images) can be excluded as they are recorded simultaneously.
For this sample with lower doping concentration, the strain distribution around the pinholes should
differ significantly from that of sample 1, as not only the size but also the pinhole distribution is
totally different for both samples as reported in the results section. The relaxed areas are probably
located around the groups of pinholes similarly to the studied strain distribution in pinholes of InGaN
films [14]. There, an accumulation of Indium around the pinhole due to the relaxed strain in this area
was reported.
The low conductance of the sample 3 is explained by the pinning of the Fermi level by surface
states [20], resulting in the formation of a surface depletion layer which extend in thickness due to
the low doping concentration of the film. This depletion layer is located under the nanoscale Schottky
diode formed at the contact region between the metal tip and the film surface.
The luminescence of the samples is often affected by the residual strain in the films. A shift in the
energy of the near band gap luminescence peak is commonly observed due to the variation in the
value of the band gap induced by the lattice strain. This trend is observed in the CL spectra of Fig. 6.
In samples with higher Mn content the near band gap luminescence is shifted to higher energies. The
observed blue shift of the GaN near band edge is produced by the strong compressive strain generated
by the high concentration of Mn in the films, as previously reported [21]. The intensity and width of
the bands are also reduced and increased, respectively, in strained samples mainly due to a reduction
in the crystal quality. In our case the samples which exhibit less luminescence intensity are those
with Mn concentrations below 1020 cm−3 . The incorporation of Mn concentration seems to improve
the crystal quality probably due to some degree of clustering. The yellow emission band related to Ga
vacancies is not present in our CL spectra. This is an indication of the incorporation of Mn to the Ga
sublattice, similarly to the effect of Mg doping of GaN. No intraionic emissions of Mn could be detected
between 500 nm (2.48 eV) and 900 nm (1.37 eV). Although the samples are Mn doped they exhibit
n-conduction due to the fact that the Mn creates a deep acceptor, which is difficult to ionize. From
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electron spin resonance Mn is known to be mainly present in the neutral acceptor state (Mn3+ ) in
GaN without codoping, localized at 1.8 eV above the valence band edge of GaN [19].
The carrier recombination at the pinholes of the GaN:Mn samples was confirmed by EBIC
measurements. The EBIC images reveal a decrease of the collected current at pinholes, which appear as
small dark spots of about 200 nm in diameter. Similar types of dots were observed in EBIC images of Si
doped AlGaN films [11]. The pinholes of GaN:Mn films exhibit the same behavior at high beam current
conditions than the ones in AlGaN, increasing the diameter up to 1 µm and a density of 106 cm−2 .
5. Conclusions
Manganese doped GaN films have been characterized by conductive AFM, CL and EBIC. The
incorporation of manganese influences the conductivity of the samples, as well as the pinhole
formation and density. The observed leakage current is related to the areas close to pinholes and
exhibits a Frenkel–Poole conduction mechanism. The observed leakage current at the pinholes cannot
be related directly to the presence of a dislocation whose core is located at the apex of the pinhole, but
rather to the distribution of defects and impurities in this area due to the stress relaxation induced by
the pinhole formation. Strain in Mn doped GaN films possibly explains the origin of the deep defects
responsible for the LC signal.
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