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ABSTRACT

The predicted acceptor impurity nature of carbon in hexagonal GaN grown by molecular-beam epitaxy (MBE) is revisited spectroscopically in the energy range
between 1.6 and 3.5 eV. Photoluminescence (PL) spectra from ultra-pure GaN and material doped with carbon at a level of 1-18 cm 2 differ significantly in the
energy range between 3.0 and 3.3 eV depending on the Ga/N stoichiometry during MBE growth. Acceptor-like features for-merly attributed to carbon, beryllium or
magnesium incorporation are found for both, undoped and carbon-doped GaN. The intensity of these features depends on the Ga/N stoichiometry during growth.
While for Ga-lean surface regions, exhibiting multiple 10 nm deep pits, the observed PL features are found to be less intense compared to Ga-rich surface regions, the
situation reverses for carbon-doped material. For all samples, the intensity of the yellow luminescence band around 2.2 eV is weak. The results point at crystal defects
and the unintentionally present oxygen as the origin of the spectroscopic features traditionally attributed to carbon in GaN.

1. Introduction

GaN with its wide band gap of 3.4 eV becomes commercially more
and more relevant for high power and light emitting electronic devices.
Advanced bipolar schemes require controlled n and p doped layers.
While n type material is easily realized by silicon doping, magnesium
seems to be the only viable p type dopant for GaN, with its numerous
disadvantages such as high thermal ionization energy (120 250 meV
[1,2]) and a tendency for self compensation at high doping levels [2]. It
is known to migrate towards the surface at high growth temperature [3]
and it tends to form defect structures. Additionally a post growth
thermal treatment is required to “activate” the Mg acceptors by
crowding out passivating hydrogen atoms which saturate Mg bonds
[4 6].

P type conductivity with another practical acceptor element was not
demonstrated so far in hexagonal GaN with any growth technique.
Carbon in GaN has been discussed extensively because of its prevalence
as an unintentional impurity (along with hydrogen and oxygen) as well
as its potential as an intentional dopant [7]. When substituting nitrogen
(Cn), C could, in principle, act as an alternative p type dopant [8], re
presenting the shallowest known acceptor in GaN [1]. Within the last
decade significant theoretical [8 10] and experimental work has been
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devoted to investigate the effect of carbon incorporation into the GaN
lattice during crystal growth. Carbon doping in HVPE and MOCVD thin
film growth has been investigated by several groups [7,11 13], un
fortunately ultra pure reference samples with a low impurity back
ground were typically not included in a comparison with intentionally
doped ones. In contrast, the MBE technique represents a controllable
method for carbon incorporation independent of other growth para
meters [7] along with a typically low and more controllable residual
impurity incorporation. Reports on C doped GaN grown by MBE uti
lized different organic carbon sources such as CCL4 [15 17], CHy4
cracked in plasma [18], CBry [12] or CS, [11] as well as graphite
evaporated with an electron beam [18]. All wurtzite GaN layers re
sulted in semi insulating (SI) [18] or insulating [12] films thus de
monstrating the feasibility to compensate residual n type conductivity
in high electron mobility transistor (HEMT) structures [12,14 19]. At
moderate doping levels (10*¥em™3) Armitage et al. [11] found an
anomalous carbon incorporation behavior: beneath 10'®cm ™2 C com
pensates residual n type conductivity, while at an increased C con
centration no p type conductivity appeared accompanied by a dete
rioration of electrical and optical properties attributed to Cg, and
carbon interstitial (C;) incorporation instead of Cy. Here, the role of the
used carbon precursors and/or activation technique and therefore the
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Table 1
Overview of the discussed samples including the substrate characteristics and doping levels.
A B C D
2DEG uid reference Multistack 400 nm CGaN
Substrate HVPE MOCVD MOCVD MOCVD
330 um 2 pm on sapphire as grown 2 pm on sapphire as grown 2 um on sapphire as grown
freestanding polished
Defect density 107-108 ~610° ~210° ~510°
Stack architecture
16 nm AlGaN
20 nm Si-GaN
20 nm Si-GaN

MOCVD template

HVPE substrate

MOCVD template

MOCVD template

Doping level uid uid Intentionally doped Intentionally doped
c[C] <10v <10Y 107 //10'® 10'®
c[0] ~510' ~210'® < 10" <107
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Fig. 1. PL spectra measured at 15 K of sample A representing a clean reference
sample from the Ga-lean (orange) and the Ga-rich (blue) region. The samples
features an unintentional oxygen background below 1-10'7 cm ™3, which is the
only detectable impurity. Free and donor-bound exciton features D°X around
3.48 eV are visible in low-temperature photoluminescence combined with a
two-electron satellite at 3.43eV and D°X-1LO and D°X-2LO around 3.4 and
3.3 eV. Additionally an unidentified feature at 3.36 €V appears. Around 2.2 eV
no yellow luminescence (YL) peak is found. At 1.7 and 1.9 eV the second dif-
fraction order peaks can be assigned to the excitonic feature and the laser line,
respectively.

chemical state of the incorporated C atoms (/molecules) is named as
root cause of differences in the binding state within the GaN lattice and
as result in the electrical and optical properties.

Theoretical calculations and analytical techniques like photo
luminescence (PL) found different effects of carbon incorporation into
the GaN lattice. Cy was interpreted to become a deep acceptor in one
study [20] while calculations in [8,9,21] predicted it to be a shallow
acceptor. Contrary, PL data pointed towards Cg, being a shallow donor
or forming C; or C; Cy complexes [8,9]. Wright et al. [9] stated, that
depending on the growth conditions and the Fermi level position at the
growth front C doping favors self compensation. Most authors
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emphasized that the correlation of the C incorporation and the con
ductivity type is depending on the Ga/N growth stoichiometry. Defects
in GaN could act as nitrogen vacancy Vy representing a shallow donor
[22] and gallium vacancy Vg, as shallow acceptor, respectively, ac
cording to previous calculations [21,23]. In non complexed systems or
in complex with other impurities carbon acts as deep acceptor [9,21].
In summary there are competing crystallographic defect mechanisms
[7]1, material properties and often an uncontrollable impurity back
ground in the GaN lattice grown with various techniques that make the
analytical identification of the effect of carbon doping challenging.

In this study we focus on the PL analysis of carbon doped MBE GaN
layers to address the link between C incorporation and spectroscopic
features in the energy region 3.0 3.3eV and around 2.2eV (yellow
luminescence). Seager et al. [8] reported a broad blue PL band at 3.0 eV
instead of the UVL band, which has been observed in semi insulating C
doped GaN. They attributed this blue band to transitions from Cg,
donor to Cy acceptor. Polyakov et al. [24] also noted an enhancement
of the blue band peaked at 3.05eV in GaN samples heavily con
taminated with carbon. Reuter et al. [25] observed a broad red lumi
nescence band with its maximum at 1.64 eV in C doped GaN. Several
authors noted a correlation between the YL band intensity and C doping
although the properties of the YL band in undoped and C doped GaN
were apparently different [26]. There is a controversial discussion
about the origin of the yellow luminescence (YL) band between 1.9 and
2.3 eV. Suski et al. [27] pointed out that many theories and discussions
of experimental results regarding the yellow emission band are based
on a strong electron lattice coupling interaction. Hofmann et al. [28]
performed steady state and time resolved PL measurements on unin
tentionally doped (uid) MOCVD GaN. They found a deep center, but the
presence of the YL in almost all kinds of GaN samples independent of
the growth techniques indicates the YL is rather of intrinsic origin. The
Vn as well as the Gallium interstitial Ga; were earlier suggested by
Glaser et al. [29] to act as intrinsic donors in GaN and therefore might
be candidates. Furthermore, on the basis of spatially resolved mea
surements it was found that the YL intensity greatly increases towards
to the interface to the substrate [29]. This finding also indicates that
native defects and/or interface contaminations are involved. Their ex
periments strongly support a shallow donor deep acceptor model for
the recombination mechanism of the yellow PL in GaN. This is con
sistent with our previous observation, that YL weakens with a lower

Provided by Sachsische Landesbibliothek - Staats- und Universitatsbibliothek Dresden



Final edited form was published in "Journal of Crystal Growth". 2019, 514, S. 29-35. ISSN 0022-0248.
https://doi.org/10.1016/j.jcrysgro.2019.02.041

],4‘ Ga-rich: R (Sa)=0.5nm R_(Sqg)=1.0 nm |

1
N

o 1 2 3 4 5
X/ um

Opm 1 2 3 4 5

0 pm
1
2
3
4
2 = Ga-lean: R (Sa)= 1.3 nm R_(Sq)=2.1nm I
g 07
<
~ -2
> 41
-6 T T T T

0 1 2 3 4 5
X/ um

Fig. 2. AFM surface morphology from Ga-rich (left figure) and Ga-lean (right figure) region of sample A showing monolayer steps and terraces for the Ga-rich and
monolayer steps with single pits for the Ga-lean part of the sample. The according linescans and the overall surface roughness R, and R, are presented below the

respective AFM image.
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Fig. 3. PL spectra measured at 15 of a 1 um thick uid GaN layer (sample B) with
a carbon and oxygen doping level significantly below 10'” cm™3 prepared
under Ga-lean growth conditions (orange) and prepared under Ga-rich condi-
tions (blue). The PL from Ga-lean region exhibits characteristic ‘dopant’ fea-
tures. Yellow luminescence around 2.2eV, which is often associated with
carbon introduced impurities, is visible, although the C content is below
210" cm 3. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)

unintentional oxygen incorporation in our MBE samples [30].

More specifically, YL was related to deep donor Vg, transition in
gallium lean n type GaN [21,31]. Armstrong et al. [13] claimed a deep
level dependent of the concentration of C as dopant, which has a po
sition in the band gap consistent with the YL. Furthermore, the YL
centered around 2.2 eV was declared to be a phonon assisted transition
from a shallow donor to an acceptor level [7]. For high carbon con
centrations Armitage et al. [33] found that interstitial C related defects
cause YL in C GaN by comparing the ionization energies for thermal
quenching of the YL in SI C GaN and n type reference layers, while Vg,
is responsible for the YL at low C concentration [21,32]. However, ion
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implantation certainly creates other defects, such as Vg,, which could
result in the YL band, along with many other possibly known and un
known defects [26]. Most of these defects are apparently not directly
related to carbon [33].

Our approach is based on optimal MBE growth conditions to pre
pare ultra pure hexagonal GaN with minimized defect density as a re
ference along with similar material doped with an elemental solid state
carbon source to avoid unintentional co doping effects, e.g. originating
from organic precursors. The ultimate goal is to verify p type con
ductivity in carbon doped hexagonal GaN. A prior step to electrical
identification of the predicted p type conductivity in C doped GaN
could be the spectroscopic identification of acceptor bound excitons, as
e.g. reported in [34]. Surprisingly, our PL studies of carbon doped GaN
at a level ~10'® cm ™2 demonstrate that spectroscopic features hitherto
associated with carbon or other acceptors are only weakly pronounced
for the case of smooth surfaces arising from Ga rich growth conditions.

2. Materials and methods

In this study c axis, Ga polar and epitaxy ready 2” templates and 1”
substrates were utilized as starting material for subsequent growth of
wurtzite GaN layers. The templates were prepared by metal organic
chemical vapor deposition (MOCVD) on sapphire and the free standing
GaN was synthesized by hydride vapor phase epitaxy (HVPE). The
thickness of the corresponding GaN layers ranges from 2 um to 330 pm,
resulting in defect densities between 510°cm™2 and 1-10” cm ™2 for
screw and mixed type dislocations [35,36]. The root mean square
(RMS) roughness for all used templates and substrates was determined
by AFM to be below 0.6 nm before the MBE overgrowth.

Growth was performed in a VG 80H plasma assisted MBE system
(base pressure < 10 '° Torr). Prior to the MBE step all wafers and
templates were out gassed in an ultra high vacuum environment (UHV)
at above 500 °C for at least 4 h and transferred into the growth chamber
under UHV conditions. Gallium with a purity of 8 N was evaporated
from a single filament effusion source and active nitrogen (10 N) was
supplied by an RF plasma source. Carbon is evaporated during growth
from a pyrolytic graphite filament source (SUKO D type, MBE
Komponenten GmbH, Germany; metal impurity level < 10 ppm, ac
cording to vendor specification) and incorporated in the grown GaN
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Fig. 4. AFM surface morphology from Ga-rich (left figure) and Ga-lean (right figure) regions of sample B showing monolayer steps and hillocks for the Ga-rich and
monolayer steps with deep pits for the Ga-lean part of the sample. The according linescans and the overall surface roughness R, and Ry, are presented below the

respective AFM images.
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Fig. 5. PL spectra measured at 15K of a layered GaN sample (C) with C-doping
levels of 10'7 and 10'® cm ™3, prepared under Ga-lean growth conditions (or-
ange) and under Ga-rich conditions (blue). Both regions exhibit the char-
acteristic features assigned in literature to carbon impurities. In the Ga-lean
region these features are more pronounced. Furthermore, the YL, which is
normally associated with carbon introduced impurities, is visible at sig-
nificantly reduced intensity compared to the other features.

films at a level of 1-10'%cm ™2 at a growth temperature of 650 °C.

Undoped GaN samples are grown at a temperature of 700 °C, approxi
mately 10K below the rapid thermal desorption point for Ga on the
wafer surface. At this higher growth temperature and identical oper
ating conditions of the carbon source the incorporation drops to
1107 ecm 3. The described procedure results in a growth rate of
240 nm/h and 2D growth mode of intrinsic material (for the undoped
case) as reported elsewhere [30,37]. For the interpretation of the sur
face morphology data it is important to know that under the applied
sample rotation the Ga/N ratio has a radial gradient of 2% from the
wafer center towards the edge, which was extracted from thickness
variations across the wafer. This inhomogeneity allows for Ga rich
stoichiometry in the wafer center and Ga lean conditions towards the
wafer edge in a single growth run.

4

The crystal surface morphology was monitored by atomic force
microscopy (AFM) before and after MBE growth using a DI/Veeco
DIMENSION 3100 AFM operated in contact mode.

The intentional and unintentional doping with O, C and Si was
quantified by secondary ion mass spectroscopy (SIMS) in a Cameca
ims 4f E6 system using Cs* at 14.5keV, SI. For pre treatment the
chamber was evacuated for at least 8 h and the samples were heated up
in the UHV chamber for water desorption and outgassing. Implantation
standards for 2°Si/GaN, 2C/GaN and '°0/GaN were measured in par
allel for qualitative evaluation.

A central part in the Photoluminescence (PL) set up used here is a
HeCd Laser with an excitation wavelength of 325nm and an emitted
power of 70 mW. The optical setup includes a bandpass filter to elim
inate other laser lines, a chopper and optical components resulting in an
excitation power of about 10 mW at the sample. A closed cycle cryostat
allows for temperature dependent measurements between 400 and
15K. The collected light was dispersed in a HORIBA Jobin Yvon
THR1000 monochromator with a focal length of one meter and a 2400/
mm grating for high spectral resolution. A Hamamatsu R928 photo
multiplier tube was used as optical detector. All discussed spectra are
scaled to the intensity maximum of the D°X feature.

3. Results and discussion

Here we investigate PL features of carbon doped GaN grown by
MBE to evaluate its potential acceptor character. The spectroscopic
proof of the acceptor nature is a prerequisite towards demonstration of
p type conductivity. Table 1 gives an overview of the four samples
discussed including substrate specifications, preparation parameters
and doping levels.

A 1pm thick ultra pure MBE grown hexagonal GaN buffer of a
2DEG structure (sample A, see table 1) on a free standing, polished
HVPE substrate with a remarkably low defect density between 107
(center) and 108 (edge) cm ™2 serves as a clean reference system for PL
investigations. The typical unintentional oxygen background, re
presenting the only detectable impurity, was verified to be less than
1-17 cm ™3 by SIMS. Such material is insulating at 300 K. In low tem
perature PL spectra (Fig. 1) the features exhibit narrow linewidth in
both, the gallium lean and the gallium rich regions, typical for spectra
shown in literature [39] thus manifesting the outstanding sample
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Fig. 6. AFM surface morphology from Ga-rich (left figure) and Ga-lean (right figure) region of sample C showing monolayer steps and hillocks for the Ga-rich and
monolayer steps with deep pits for the Ga-lean region of the sample. The according linescans and the overall surface roughness R, and Ry, are presented, below the

respective AFM images.
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Fig. 7. PL spectra measured at 15K of a 400 nm thick C-doped GaN layer
(sample D) with carbon content of 10'® cm ™2 prepared under Ga-lean growth
conditions (orange) and under Ga-rich conditions (blue). Both regions show
more pronounced and broader features between 3.1 and 3.4 eV, as compared to
the uid reference samples. The YL, which is normally associated with carbon
introduced impurities, is not detectable. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

quality. Donor bound exciton (D°X) features are visible around
3.472 eV in a good agreement with literature [26]. At 3.480, 3.485 and
3.497 eV the A, B, and C transitions of free excitons are clearly iden
tified. The multiple peak feature marked at 3.45 €V is assigned to two
electron satellites (TES) transitions related to oxygen. The LO replicas
of the main excitonic feature D°X 1LO and DX 2LO can be found at
3.39 and 3.3eV. The unidentified feature at about 3.36 eV found in
several samples in this series and other samples grown in our laboratory
will be addressed separately elsewhere. The difference between the two
spectra plotted in Fig. 1 is the position on the wafer surface. The more
intense spectroscopic features between 3.2 eV and the excitonic region
are recorded at the edge area, exhibiting a higher defect density as
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identified in AFM surface morphology investigations (Fig. 2). This
might be a first indication of defect related or enhanced occurrence of
features in the PL spectra.

In the lower energy region at about 2.1 eV no yellow luminescence
was detected which is a further indication of the relation between the
residual oxygen level and the appearance of YL [37]. This sample re
presents a reference with an unprecedented low residual impurity
background and threading dislocation density. In the energy region
down to 1.6 eV the second diffraction order of both, the excitonic fea
tures at 1.73 eV as well as the laser line at 1.91 eV, can be found. Since
no additional information can be extracted there, further PL spectra will
be displayed in the energy range between 2.0 and 3.6 eV.

Sample B contains again a 1 um thick uid MBE GaN layer but this
time grown on a 2 pm MOVCD GaN template. It serves as a reference for
the following intentionally doped samples C and D on similar sub
strates. The PL data displayed in Fig. 3 resemble the basic spectroscopic
features observed for sample A, but with broader linewidths of the
observed peaks as compared to its counterpart on bulk GaN. Here, the
defect and dislocation density was, as expected, higher which was
confirmed by AFM surface scans as shown in Fig. 4. The defect density
of the GaN layer is set by the defect density of the substrate [38]. PL
features at 3.2 and 3.3 eV are historically assigned to dopants like Be,
Mg, C, Si or O [26,39 45]. SIMS data for similar layers exclude these
interpretations, since only oxygen is detectable and accounts to less
than 10'” atoms /cm?>.

The obvious difference between the two PL scans in Fig. 3 is, again,
the position on the wafer and; the different surface morphology as well
as defect decoration as can be summarized from the AFM surface in
vestigations in Fig. 4. In the Ga lean region with deep pits the char
acteristic ‘dopant’ features are more pronounced. This is the second
indication for defect related or enhanced occurrence of features in the
PL spectra.

We now turn to sample C, which contains C and Si doped layers as
described in Table 1 and was originally intended to serve as a cali
bration sample for SIMS. The 60 nm thick C doped layer beneath the
surface contains a carbon concentration of 1-10'® cm % and will con
tribute to carbon related features in PL spectra. Thus, the PL spectra in
Fig. 5 show the same, but broadened and more intense peaks as the uid
reference sample B (Fig. 3). Here, these dopant or impurity related
features at 3.2 and 3.3 eV cannot be exclusively related to the dopant
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Fig. 8. AFM surface morphology from Ga-rich (left figure) and Ga-lean (right figure) region of sample D showing monolayer steps and hillocks for the Ga-rich and
monolayer steps with deep pits for the Ga-lean region of the sample. The according linescans and the overall surface roughness R, and R,,,; are presented below the

respective AFM image.

but more likely to the defect decoration caused by the substrate char
acteristics. Yellow luminescence is detected around 2.2 eV but is not
dominant compared to other features. In contrast to the undoped re
ferences (sample A and B) or previously documented spectra [e.g.
10,32] the here documented YL is not markedly promoted.

Accompanying AFM investigations again prove the expected change
of the surface morphology from the wafer center to the edge (Fig. 6).
The Ga lean region shows the characteristic surface morphology with
deep pits and occasional cracks as formerly described [40]. On the
other side, the Ga rich layer features a smooth surface with monolayer
steps and hillocks with 1 2 nm height. Here, AFM verifies a remarkable
radial gradient of the defect decoration, which is caused by the sub
strate and further more characteristic for a radial change in the Ga/N
stoichiometry described before. The carbon content was found to be
independent of the defect density, defect decoration and Ga/N stoi
chiometry and was determined to be in the low 10'® atoms/cm ™3 range
by SIMS. This verifies the results by Green et al. [7] and Koblmiiller
et al. [12] and is in strong contrast to former reports where the carbon
incorporation in GaN was found to depend on the Ga/N stoichiometry
[19,43] (see Figs. 7and 8).

Sample D is a 400 nm thick C doped GaN layer grown on a 2 pm
thick as grown MOCVD template with a carbon doping level of
108 cm ™ 3. The PL data exhibit the above mentioned excitonic features
DX around 3.472eV and A /B /C transitions as well as TES and D°X
replicas in the energy range between 3.15 eV and 3.45eV (Fig. 4). The
Ga rich region shows an additional broad feature; at 3.28 eV over
lapping the TES feature along with the feature at 3.19 eV. These were
directly related to dopant impurities earlier [42,44 46]. Since they are
found in the uid MBE layer (sample B), too, we cannot assign them
exclusively to the C doping unlike the previous studies but to the defect
decoration and density, caused by the variation in stoichiometry and by
the template properties, respectively.

Contrary to the expectation, in the region of the YL the PL intensity
is below the detection limit. Despite a carbon level of 10'® atoms/cm®
and an elevated oxygen level (still below 10'” atoms/cm®) in this
sample the YL has practically vanished.

To conclude, under Ga lean and Ga rich growth conditions identical
carbon levels evaporated from an elementary carbon source were
incorporated, while the level itself depends on the sample temperature

during MBE growth. Undoped reference layers as well as intentionally
C doped GaN layers with a well known impurity background show the
traditionally C related PL features at noticeable surface defect density.
The results support that spectroscopic features between 3.0 and 3.3 eV
are related to the surface morphology or defect landscape and do not
originate exclusively from the carbon incorporation alone. Yellow lu
minescence is widely absent in our carbon doped GaN (at level
10'® cm ~3) and oxygen lean (at level ~2-10'® cm ~3) reference samples
and becomes pronounced for higher oxygen contents in elsewise un
doped material. Under the growth conditions employed here, we con
clusively exclude carbon as the origin of the yellow luminescence and
suggest that its appearance is very likely related to the incorporated
oxygen.
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