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Thick c-plane unintentional doped and iron-doped GaN substrates were grown by hydride vapor phase
epitaxial technique on sapphire substrates. The morphology and crystalline quality of the freestanding
samples show no evident degradation due to iron doping. Low-temperature photoluminescence
measurements show reduction of the exciton-bound to neutral impurities band intensities with iron
doping increase. Near-infrared photoluminescence studies conﬁrm the incorporation and activation of
iron impurities. Variable temperature resistivity measurements veriﬁed that the iron-doped ﬁlms are
semi-insulating.
& 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Unintentionally doped (UID) GaN ﬁlms grown on foreign
substrates such as sapphire or SiC are characterized by high
concentration of threading and screw dislocations, typically
between 109 and 1010 cm 2 and background free carriers concentration in the range between 1017 and 1018 electrons/cm3 [1,2].
These templates have been successfully used for the fabrication
and commercialization of a number of optoelectronic and highfrequency devices [3–5]. Presently, the development of devices
requiring lower leakage current and current threshold, higher
breakdown voltage, and higher room-temperature carrier mobility are on hold for materials with lower concentration of
extended defects and larger grain boundary [6–9]. It is expected
that such requirement would be achievable if GaN ﬁlms are
deposited on native GaN substrates.
Due to the relatively high growth rate, hydride vapor phase
epitaxial (HVPE) technique has been establishing as a promising
approach to accomplish the growth of large area and/or bulk GaN
native substrates. Freestanding (FS) HVPE GaN substrates are
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accomplished by separation of thick GaN ﬁlms grown on
sacriﬁcial substrates such as sapphire and GaAs [10–12]. Thick
crack-free ﬁlms with diameter up to 3 in. have been reported [13].
These substrates are becoming commercially available for epitaxial layer deposition and device fabrication. UID GaN heteroepitaxial ﬁlms and FS HVPE substrates have an undesirable background
donor impurities, mostly Si and/or O, which results in a roomtemperature free carrier net concentration typically between low
1017 to high 1018 electrons/cm3 [14]. Intrinsic n-type conductivity
may be adequate for light-emitting devices such as LED and LD,
but it is unacceptable for high-power/high-frequency devices
fabrication, which require semi-insulating (SI) substrates to block
current leakage.
To mitigate the relatively high-intrinsic concentration of free
carriers, a number of growers have used impurities such as Be, C,
Fe, and Zn to compensate the pervasive shallow donors in GaN
and to achieve the desirable SI substrate characteristics [15–17].
Among these impurities, Fe seems to be the most adequate
impurity because the Fe3+/2+ acceptor level is only about 0.34 eV
below the bottom of the conduction band [18]. It is expected that
this deep acceptor level will efﬁciently compensate the GaN free
carriers at typical devices operating temperatures. In fact, it has
been demonstrated that iron-doped HVPE GaN substrates can
reproducibly achieve resistivity of about 3  105 O/cm at 250 1C
[19]. Despite this accomplishment, there are no detailed studies
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2. Experimental procedure
The GaN samples were grown on a vertical HVPE hot-wall
reactor, at sub-atmospheric pressure. The GaCl precursor was
produced by reaction between HCl and liquid Ga in the upstream
part of the reactor, which is kept at 915 1C. Bis(cyclopentadienyl)
iron (Cp2Fe) was used as the iron source for the Fe-doped GaN
crystals, which was introduced into the reactor via a N2 carrier
gas. The GaN ﬁlms were deposited on c-plane (0 0 0 1) sapphire
substrates with an AlN nucleation layer, in the downstream part of
the reactor where the GaCl and the NH3, transported by N2 gas,
reacts. GaN growth was carried out at substrates temperatures
of approximately 1000 1C. The growth rate of the ﬁlms was
150 mm/h. Thick layers (1–2 mm) were grown and removed
from the underlying sapphire to create FS, bulk material. The
layers were characterized in the as-grown state, i.e., without
polishing or surface preparation. Polar and non-polar GaN layers
grown using this process have been previously shown to possess
very good structural properties [21,22]. The doping level of
similarly grown Fe-doped crystals in the same system was
measured via secondary ion mass spectrometry (SIMS) to be
around 1 1018 cm 3.
The crystalline properties of the undoped and iron-doped
samples were probed by X-ray diffraction (XRD) measurements
using a Philips X’pert MRD triple axis diffracted beam system. The
morphologies of these samples were veriﬁed by SEM and SEM
panchromatic cathodoluminescence-imaging (SEM/CLi) techniques, and by real color (RGB) photoluminescence imaging (PLi)
using a HeCd laser to excite the samples, at room-temperature.
Low-temperature photoluminescence (PL) spectroscopy was employed to verify the optical and electronic properties of the
samples. The PL system comprised an 1800 groves/mm double
gratings spectrometer and an UV-extended GaAs photomultiplier
couple to a computer control photon-counter. The samples were
placed in a continuous ﬂow He cryostat, which allows temperature variations between 1.5 and 330 K. The luminescence was
excited with the 325 nm line of a HeCd laser, which power density
was controlled with calibrated neutral density ﬁlters.
The incorporation of the iron impurity, and the activation of
Fe3+/2+ compensating acceptors were corroborated by low-temperature near-infrared (NIR) PL spectroscopy. The samples were
placed at a cold-ﬁnger cryostat and excited with the 808 nm line
of a diode laser. The light emitted by the samples was dispersed by
a Princeton/Acton Trivista 557 triple spectrometer ﬁt with an LN2
cool OMA V InGaAs linear array detector.

3. Results and discussion
The full width at half maximum (FWHM) of the (0 0 0 2) XRD
peak measured at the FS substrate AE492.7 is only 90 arcsec as
shown in Fig. 1a and the FWHM of the (1 0 1 2) XRD peak is
146 arcsec (not shown), which is consistent with a high-crystalline quality material and is representative of the X-ray linewidth
of other measured samples. Real-color PL imaging of the UID GaN
substrate AE498.11, represented in Fig. 2a, has an intense red color
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investigating the dilution limits and doping efﬁciency of iron in
GaN, and only recently the effects of GaN morphology and irondoping uniformity have been reported [20].
This work reports the optical and electronic properties of FS
HVPE GaN substrates, both nominally undoped and iron doped,
grown on sacriﬁcial sapphire substrates. We observed no evidence
of deterioration of material optical and structural properties on
iron doping.
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Fig. 1. XRD spectrum of one of the Fe-doped thick freestanding GaN substrate.
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Fig. 2. (a) RGB PL imaging of UID GaN ﬁlm grown on AlN/sapphire template.
(b) Panchromatic PL imaging of the sample shown in (a). The insets (1) and (2)
show the SEM/CL and SEM/imaging of the region highlighted in (a), respectively.

hue emission. Fundamental colors imaging show that red is the
dominant emission, with an intense green and weak blue
contribution. The color and intensity distribution is quite uniform,
and only two hexagonal base pyramid defects are observed at the
sample surface. The PL panchromatic imaging of this sample,
represented in Fig. 2b, also shows a quite uniform distribution of
intensity, with few dark spots. The panchromatic SEM/CLi of the
white boundary rectangular region indicated in the sample
imaging, inset (1), conﬁrms the good sample uniformity. SEM
imaging of the same highlighted region depicted on inset (2), due
to high-current contrast, shows clearly the presence of pits, which
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Fig. 3. (a) RGB PL imaging of a Fe-doped GaN substrate. (b) Panchromatic PL
imaging of the sample represented in (a). Note: the bright ‘‘palm tree leaves’’ shape
defects.

are weakly observed in the SEM/CLi picture. Similar experiments
were performed on the iron-doped samples. Fig. 3a shows the RGB
PL imaging of the iron-doped sample AE492.7. This imaging shows
a green-yellow color hue, which results from the mixture of a
relatively weak green contribution with less intense red and an
extremely weak blue emissions components. It is clearly seen in
Fig. 3a non-uniform distribution of luminescence intensity across
the sample. Bright regions with ‘‘palm tree leaves’’ shape appear
across the samples. Such features, not yet identiﬁed, are not
related to the iron doping, because they have been observed in
UID substrates. Panchromatic imaging of this sample, depicted in
Fig. 3b, reveals the same features observed in the RGB PL image.
SEM and SEM/CL images of this sample clearly demonstrate that
the morphology of this sample is similar to that of the UID sample.
To probe changes in the electronic properties of HVPE GaN
substrates with iron doping, we performed a detail low-temperature PL measurement in one UID (AE498.11) and two iron-doped
(AE486.3 and AE492.7) samples, which are represented in Fig. 4,
in the spectral range between 1.97 and 3.57 eV. The spectrum of
the UID substrate (AE498.1), top spectrum in Fig. 4, shows the
typically intense and dominant emission line near 3.47 eV (D0X),
which is associated with the recombination process involving the
annihilation of excitons bound to neutral shallow donors, leaving
the donors in the ground state. (The nomenclature used in the
present manuscript was previously introduced by Freitas et al. in
Ref. [23]). Also observed are the less intense ﬁrst phonon replica of
D0X near 3.38 eV (1LO-D0X), the zero-phonon line of the shallowdonor/shallow-acceptor pair (DAP) recombination near 3.29 eV
and their phonon replicas (nLO-DAP) at lower energies, a weak
broad luminescence band around 3.0 eV, and the so-called yellow
band at 2.25 eV. We also observe a relatively intense red band,
which peaks around 1.75 eV. Due to the difﬁculties to provide a
short and clear explanation about the nature of deep centers in
GaN, the latter features will not be discussed. Note that all bands

Fig. 4. Low-resolution and low-temperature PL spectra of undoped and irondoped samples. Note: the reduction of all luminescence bands with the iron
doping.

Fig. 5. High-resolution and low-temperature PL spectra of the samples represented in Fig. 4, in the band-edge spectral region.
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Fig. 7. Fe-doped GaN resistivity as a function of 1000/T as determined by Halleffect measurements.

were annealed at 600 1C prior to measurement. Fig. 7 shows the
resistivity calculated from the Hall-effect measurements as a
function of 1000/T for a Fe-doped GaN sample. The roomtemperature resistivity was greater than 1010 O/cm [25]. The
activation energy of the deep level in the GaN was determined
to be 1.14 eV. This result indicates that high-quality SI GaN
substrates for high-frequency device fabrication can be produced.

4. Summary
High-crystalline quality UID and iron-doped FS GaN ﬁlms
grown by HVPE process on sapphire with AlN nucleation layer
can be reproducibly grown. No deterioration of the morphology
and the structural and optical properties of the substrates
were observed on Fe-doped substrates. Low-temperature PL
studies of these samples are consistent with full compensation
of the pervasive Si and O shallow donors. In addition, the
low-temperature NIR PL shows that the incorporation of Ga
substitutional Fe3+ compensating centers was realized. Temperature-dependent Hall measurements clearly indicate the SI GaN
substrate was achieved.
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observed in the spectrum of the UID sample are reproduced in the
spectra of the iron-doped samples. However, it is important to
point out that the relative intensity of all these bands decreases
with increasing of the iron doping. This observation is consistent
with the change in the room-temperature PL-imaging intensity.
Fig. 5 depicts the PL spectra of all samples represented in Fig. 4, in
the spectral region between 3.34 and 3.52 eV. The spectrum of
UID sample show emission lines related to the ground state of the
free-exciton B (FXB), the ground state of the free-exciton A (FXA),
and the dominant exciton bound to neutral Si and O donors (S0i XA
and O0XA). Around 3.45 eV, we detect the so-called two-electron
satellite (2ES) spectrum resulting from the recombination processes that leave neutral donors in an excited state after the
exciton annihilation. Spectral separations between D0X and 2ES
lines yield the intra-center transition energies of the impurities.
Note that for energies below 3.42 eV, we observe the one-phonon
replicas of all features listed above, represented as (FX, D0XA, 2ES)
1LO. All the features observed in the spectrum of the UID samples
are replicated in the spectrum of the iron-doped samples. Again,
note that their relative intensities reduce with iron doping. In
addition, the relativity intensity of the FXA and FXB lines to the
intensity of the D0X line increase. This is consistent with the
compensation of the neutral shallow Si and O donors by the iron
impurities, which moves the Fermi level from the bottom of the
conduction band towards the center of prohibit gap.
Low-temperature NIR-PL measurements were carried out in all
samples to verify the incorporation and activation of iron
impurities. Fig. 6 depicts the NIR-PL spectra of the two irondoped samples, AE486.3 and AE492.7. The intense line at 1.299 eV,
represented in Fig. 6, is associated with the 4T1(G)-6A1(S) crystalﬁeld transition of the iron substitutional for the Ga atom, i.e., Fe3+
Ga
[18,24]. The relatively broad additional lines observed in both
samples spectra are the phonon sideband structure. We observed
a small spectral intensity variation between the two Fe-doped
samples, which may be associated with different concentration of
Fe3+
Ga. PL measurements performed on different regions of these
samples showed no sizable variations of the peak intensity and
energy position, indicating no local stress and concentration
variation, i.e., PL intensity for the samples were spatially very
homogeneous.
The resistivity of the Fe-doped GaN samples was measured via
temperature dependent Hall effect. Ti (250 Å)/Al(1250 Å) contacts
with an Au capping layer were used on the sample. The contacts
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Fig. 6. Low-temperature NIR-PL spectra of the two Fe-doped samples. The intense
emission line at 1.299 eV is related to substitutional Fe impurities.
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