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In cubic (c-)GaN Ge has emerged as a promising alternative to Si for n-type doping,
offering the advantage of slightly improved electrical properties. Herein, a study on
Ge doping of the ternary alloy c-AlxGa1�xN is presented. Ge-doped c-AlxGa1�xN
layers are grown by plasma-assisted molecular beam epitaxy. In two sample series,
both the Al mole fraction x and the doping level are varied. The incorporation of Ge
is verified by time-of-flight secondary ion mass spectrometry. Ge incorporation and
donor concentrations rise exponentially with increasing Ge cell temperature. A
maximum donor concentration of 1.4� 1020 cm�3 is achieved. While the incor-
poration of Ge is almost independent of x, incorporation of O, which acts as an
unintentional donor, increases for higher x. Dislocation densities start increasing
when doping levels of around 3� 1019 cm�3 are exceeded. Also photolumines-
cence intensities begin to drop at these high doping levels. Optical emission of
layers with x> 0.25 is found to originate from a defect level 0.9 eV below the
indirect bandgap, which is not related to Ge. In the investigated range 0≤ x≤ 0.6,
Ge is a suitable donor in c-AlxGa1�xN up to the low 1019 cm�3 range.

1. Introduction

In the recent past, much work has been done investigating Ge as
an alternative n-type dopant in GaN. In Wurtzite GaN, the incor-
poration of Si, the most common donor for nitrides, leads to ten-
sile strain.[1] This is not the case for incorporation of Ge; thus, the
growth of highly doped layers with improved crystalline quality
could be demonstrated.[2–4]

However, in GaN-based heterostructures grown in the
Wurtzite crystal structure, the recombination efficiency can
be impaired due to spontaneous and piezoelectric polarization
fields. Growing the metastable cubic zinc blende phase is one

way to overcome this effect as these
fields are not present here.[5–8] The most
common donor for cubic GaN (c-GaN)
is Si, but recently, we have introduced
Ge as an alternative n-type dopant for
c-GaN.[9–11]

To extend the emission of nitride-based
structures further into the ultraviolet spec-
tral region, the ternary alloy AlxGa1�xN can
be grown. The most commonly used donor
for Wurtzite and zinc blende AlxGa1�xN is
Si. Only a few experiments on Ge doping
of Wurtzite AlxGa1�xN have been reported
in the past,[12] but recently detailed work
on this topic has been published.[13,14] So
far, no doping experiments with Ge for
c-AlxGa1�xN have been reported.

In this article, we introduce Ge as an
n-type dopant for cubic AlxGa1�xN grown
by plasma-assisted molecular beam epitaxy
(MBE) and report on the characterization

results of doped layers with Al concentrations of x≤ 0.6.

2. Results and Discussion

The basic properties of the samples covered in this article are sum-
marized in Table 1. Al mole fractions x were determined by two
methods. The first one is to record the high-resolution X-ray dif-
fraction (HRXRD) reciprocal space maps (RSMs)s around the
asymmetric (113) reflections of the AlxGa1�xN layers and calculate
x from the layers’ lattice constants. The second method is energy
dispersive X-ray spectroscopy (EDX). The values obtained from
both methods are in good agreement for each sample. Due to
the higher accuracy, values measured by EDX are used to refer
to the samples. Layer thicknesses were determined by reflectomet-
ric interference spectroscopy. In case of four samples from series 1
with a high x, the samples were too thin for accurate measurement
(see annotation in Table 1). Instead, the estimated thickness based
on the respective growth time and the average growth rate deter-
mined for the sample series (�105 nmh�1) is given.

2.1. Growth Rate

In previous experiments,[9] we found that the growth rate of
c-GaN is reduced by up to 40% when high Ge doping is applied,
caused by an accumulation of Ge on the surface during growth.
The reason for the accumulation is that during growth, a metal
excess of one monolayer is maintained on the sample surface,
which provides best conditions for c-GaN growth.[15] Due to
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the higher dissociation energy of the Ge–Ge bond compared with
the Ga–Ga bond (see Table 2), the evaporation of Ga from this
excess layer is stronger than the evaporation of Ge, and an
increasing amount of Ge can accumulate on the surface during
growth. Impinging Ga atoms could be hindered by the Ge
adlayer to reach the growth front. Furthermore, the Ge–N bond
is more likely to be formed than the Ga–N bond. The dissociation
energy of Al–N however is stronger than for Ge–N and
Ga–N; thus, Al is directly built into the crystal, and no accumu-
lation in the adlayer occurs for Al-containing layers. Growth

rates of c-Al0.25Ga0.75N layers grown at different Ge effusion cell
temperatures TGe are shown in Figure 1. Within the accuracy
limits—in contrast to layers containing no Al—no dependence
of the growth rate on the Ge doping can be observed.

2.2. Structural Properties

To verify the incorporation of Ge into the layers, depth profiles
of the layer compositions were measured by time-of-flight
secondary ion mass spectrometry (TOF-SIMS). In Figure 2, the
TOF-SIMS depth profile of the c-Al0.25Ga0.75N layer grown at a
TGe¼ 900 �C is shown exemplarily. The intensity of a selection
of the recorded secondary ion signals is plotted versus the sputter
time, which is proportional to the distance from the sample sur-
face. After 770 s of sputtering, the 3C-SiC substrate is reached,
resulting in a significant rise in the C� and 29Si� signals.
Measuring the 29Si� signal is preferred over 28Si�, as the detector
is not saturated due to the lower abundance of 29Si. Within the
c-Al0.25Ga0.75N layer, the AlN� and GaN� signals run at a high
intensity. Both Ge� and GeN� signals prove the incorporation
of Ge into the layer. The intensity of the GeN� signal is higher
than the intensity of Ge-, but the ratio between both signals
depends on the Al mole fraction x. Furthermore, C� and O� sig-
nals are detected, which originate from impurities in the layer. C is
known to form acceptors in c-GaN, and O is known to act as a
donor.[22,23] All signals run stable within the c-Al0.25Ga0.75N layer,
indicating a high homogeneity of the layers. Figure 3a shows the

Table 1. Basic properties of the samples covered in this article.

Sample series Al mole fraction x
(EDX)

Al mole fraction x
(HRXRD)

Ge temperature
TGe [�C]

Ge Flux Φ
[cm�2 s�1]

Layer thickness da)

[nm]
Donor concentration

(CV) [cm�3]
Dislocation density D
(HRXRD) [cm�2]

1 0 0 – – 506 2.4� 1017 7.5� 109

0 0 800 2.9� 1010 427 1.4� 1019 1.0� 1010

0.08 0.09 – – 484 7.3� 1017 1.5� 1010

0.09 0.10 800 2.9� 1010 480 9.6� 1018 1.6� 1010

0.25 0.23 – – 487 4.9� 1018 2.4� 1010

0.24 0.26 800 2.9� 1010 456 1.6� 1019 3.0� 1010

0.33 0.37 – – 430 1.4� 1019 3.9� 1010

0.39 0.38 800 2.9� 1010 336 2.5� 1019 5.0� 1010

0.49 0.46 – – �230b) 1.8� 1017 4.7� 1010

0.50 0.48 800 2.9� 1010 �170b) 1.9� 1019 4.9� 1010

0.60 0.59 – – �150b) 1.8� 1019 –c)

0.63 0.62 800 2.9� 1010 �140b) 1.8� 1019 –c)

2 0.23 0.23 – – 497 4.2� 1018 2.5� 1010

0.23 0.23 700 3.4� 108 455 5.3� 1018 2.9� 1010

0.26 0.27 800 2.9� 1010 437 1.5� 1019 3.1� 1010

0.28 0.24 850 1.9� 1011 409 1.3� 1019 6.0� 1010

0.26 0.22 900 9.3� 1011 438 7.5� 1019 6.5� 1010

0.28 0.24 950 4.6� 1012 475 7.7� 1019 8.1� 1010

0.22 0.22 1000 8.9� 1012 467 1.4� 1020 6.7� 1010

a)measured by reflectometric interference spectroscopy; b)too small for accurate measurement—estimated thickness based on growth rate and time; and c)reflex overlapped by
3C-SiC substrate.

Table 2. Bond dissociation energies ΔH for different bonds containing
Ge, Ga, Al, and N.

Bond ΔH [kcal mol�1] Reference

Ge–N 61 [16]

55 [17]

Ga–N 37.7 [18]

48.5 [19]

Al–N 71.0 [20]

63.5 [19]

Ge–Ge 45 [16]

65.5 [21]

Ga–Ga 33.0 [21]

Al–Al 44.5 [20]
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Ge� and O� signal intensities as a function of x from samples
with constant Ge doping (TGe¼ 800 �C, series 1). The Ge� signal
is nearly constant; it increases slightly with higher x. It is unclear if
the incorporation of Ge is actually higher at higher x or if a SIMS-
related matrix effect has to be considered. For the O� signal, a
linear increase is observed with increasing x both for Ge-doped
and for not intentionally doped (NID) samples. The O� signal
at x¼ 0.50 is over six times higher than in the samples containing

no Al. This corresponds to the observation by Kim et al.,[24] that Al
favors the incorporation of O into GaN. Furthermore, the incor-
poration of impurities is enhanced by crystal defects,[25] and for
samples with higher x, a slightly increased dislocation density
is observed (see Table 1). The O� signal from the NID sample
with x¼ 0.49 deviates from the linear trend. The incorporation
of O into this sample is significantly lower than expected. Since
the growth conditions were comparable for all samples, there is
no obvious reason for this behavior. In Figure 3b, the Ge� and
O� signal intensities from c-Al0.25Ga0.75N layers as a function
of TGe are shown. An exponential dependency of the Ge� signal
on TGe is found, which in good approximation reflects the course
of the Ge vapor pressure curve in this temperature range.[26] The
O� signal, on the other hand, exhibits a constant intensity over the
entire range of TGe; hence, the unintentional incorporation of O is
not affected by Ge doping.

To investigate the structural quality of the samples, atomic
force microscopy (AFM) and HRXRD measurements were con-
ducted. With AFM, a 5� 5 μm2 topographic image in the center
of the sample is recorded and the root mean square roughness Sq
is calculated. In Figure 4, the Sq values are plotted versus TGe
for the c-Al0.25Ga0.75N samples. Average values between 3 and
6 nm are obtained, except for two samples: a minimum rough-
ness of 1.9 nm is measured for TGe¼ 800 �C (Figure 5a) and a
considerable increase above 11 nm occurs for the highest doping
at TGe¼ 1000 �C (Figure 5b). The surface of this sample is
characterized by droplets and line-shaped hills, which probably
are deposits of the metal elements. It seems that in general
light Ge doping results in a smoother surface, whereas high
Ge concentrations lead again to an increased surface roughness.
Figure 6 shows the roughness of the NID and Ge-doped
(TGe¼ 800 �C) samples with varying x. One has to consider that
the layers of this series are not of equal thickness. With greater
thickness also the roughness becomes higher. Nevertheless, it is
obvious that with supply of Ge (at least at TGe¼ 800 �C) smooth-
ing of the surface occurs.

HRXRD rocking curves of the (002) reflexes were measured to
obtain the dislocation density of the layers. The dislocation den-
sity D can be estimated by[27]

D ¼ Δθ2

9b2
(1)

whereΔθ is the full width at half maximum (FWHM) of the rock-
ing curve and b is the length of the Burgers vector. For 60� dis-
locations, the length of the Burgers vector is[28]

b ¼ affiffiffi
2

p (2)

where a is the lattice constant of c-AlxGa1�xN according to
Vegard’s rule linearly interpolated between ac-GaN¼ 4.503 Å[29]

and ac-AlN¼ 4.373 Å.[30] Up to TGe¼ 800 �C, the dislocation den-
sity is nearly constant at around 3� 1010 cm�2 but is doubled at
higher doping. According to the capacitance–voltage (CV) meas-
urements (see Section 2.3), the dislocation density begins to rise
in the low 1019 cm�3 doping range. By means of RSMs around
the (002) reflections, the purity of the cubic phase can be evalu-
ated. Hexagonal inclusions in c-GaN mainly grow on (111) fac-
ets,[8] and their (1̄011) and (101̄1) reflections appear in the vicinity

Figure 1. Growth rate of c-Al0.25Ga0.75N layers for various Ge effusion cell
temperatures TGe. Growth rates were calculated based on the layer thick-
ness determined by reflectometric interference spectroscopy and the
growth time (5 h). In addition, layer thicknesses were estimated from
the TOF-SIMS sputter times that are required to reach the substrate, using
the thickness of the NID layer measured by reflectometry as a reference.
The mean growth rate is indicated by a dashed line (105 nm h�1).

Figure 2. TOF-SIMS depth profile of a Ge-doped c-Al0.25Ga0.75N layer
(TGe¼ 900 �C). The dashed line indicates the interface between epilayer
and 3C-SiC substrate.
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of the cubic (002) reflection.[8,31] Up to TGe¼ 850 �C, no hexago-
nal inclusions are apparent in the RSMs. With further increased
doping, however, the intensities of hexagonal inclusions add up
to around 10% of the respective cubic reflection’s intensity. It is
also notable that the reflection high-energy electron diffraction
(RHEED) pattern of the highest doped sample (TGe¼ 1000 �C)
indicates the formation of a polycrystalline phase, which is
not the case for all of the other samples. Regarding the sample
series with fixed TGe¼ 800 �C and varying x in general, no sig-
nificant difference can be found concerning the dislocation den-
sity and the amount of hexagonal inclusions between doped and
NID samples.

2.3. Electrical Characterization

CV spectroscopy was performed to obtain the donor concentra-
tion in the c-AlxGa1�xN layers. For this purpose, both a gate con-
tact and an ohmic contact are required. To prepare the gates,
circular Au contacts with diameters from 200 to 800 μm were
deposited on 100 nm-thick SiO2 acting as a gate isolation. To
achieve ohmic contacts, In was alloyed onto the sample corners.
An alternating current (AC) signal ( f¼ 1MHz) of 5 mV was
superimposed to a sweeping direct current (DC) voltage Vg from
�1 toþ4 V, and the capacitance C is measured by an LCR (induc-
tance L, capacitance C, and resistance R) meter. With the gate
area S, the donor concentration ND is calculated by[32]

ND ¼ 2
eεsε0S2

�
dC�2

s

dVg

�
: (3)

In Figure 7a, the donor concentrations ND for the
sample series with varying x are shown (series 1). The donor
concentration in the NID samples rises almost linearly with
increasing x from 2.4� 1017 cm�3 at x¼ 0 up to 1.8� 1019 cm�3

at x¼ 0.60 (red squares and red linear fit curve). This increase
in unintentional doping is assigned to the incorporation of O dur-
ing growth. In the TOF-SIMS measurements (cf. Figure 3a), the
amount of O also shows a linear dependence on x. Interestingly,
the measured donor concentration of the NID sample with
x¼ 0.49, which exhibited an unexpectedly low O� signal in the
TOF-SIMS measurements, also deviates downward from the lin-
ear fit to the CV results. The reason for the deviation of this data
point from the linear behavior has been unclear up to now; how-
ever, the similar behavior additionally supports the fact that Omay
be the origin of the unintentional background doping. The donor
concentration in Ge-doped layers (at TGe¼ 800 �C) is nearly

(a) (b)

Figure 3. a) Signals from O� and Ge� ions measured by TOF-SIMS for NID and Ge-doped (TGe¼ 800 �C) c-AlxGa1�xN layers. The incorporation of O
rises linearly with increasing Al mole fraction x, whereas the Ge� signal is nearly constant. b) O� and Ge� signals from c-Al0.25Ga0.75N layers with varying
TGe. The Ge� signal rises exponentially with increasing TGe, the incorporation of O however is not affected by TGe. In both diagrams, the signals are
normalized to the 29Si� signals in the 3C-SiC substrate to account for varying sputter conditions. Please note that the y-scale is linear in (a) and logarith-
mic in (b).

Figure 4. Roughness measured by AFM in 5� 5 μm2 (left scale, squares)
and dislocation density estimated from HRXRD (right scale, circles) of
c-Al0.25Ga0.75N layers depending on the Ge effusion cell temperature TGe.
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independent of x; it is slightly increasing with a higher Al content
and ranges at about 1–2� 1019 cm�3 This observation agrees with
the fact that the Ge� concentration measured by TOF-SIMS is
nearly constant over the investigated range of x. In addition to
CV spectroscopy, we have exemplarily conducted Hall effect meas-
urements at room temperature in van der Pauw geometry for the
two samples with x� 0.1. Both samples exhibit n-type conductiv-
ity. Free electron concentrations of 7.7� 1017 and 5.4� 1018 cm�3

are measured for the NID sample and the doped sample
(TGe¼ 800 �C), respectively. These values are in good agreement
with the values obtained by CV spectroscopy.

The dependence of the donor concentrations on TGe measured
by CV spectroscopy for c-Al0.25Ga0.75N (series 2) is shown in
Figure 7b. Like the Ge� signal from TOF-SIMS measurements
(cf. Figure 3b), the donor concentration rises exponentially with
increasing TGe, resembling the course of the vapor pressure

curve of Ge. Amaximum donor concentration of 1.4� 1020 cm�3

is achieved at TGe¼ 1000 �C. However, as shown in Section 2.2,
the structural quality of this sample is poor. The dislocation den-
sity does not rise for Ge cell temperatures up to 800 �C, which
corresponds to a donor concentration of 1.5� 1019 cm�3.
Therefore, considering the structural degradation, the maximum
reasonably achievable donor concentration in c-Al0.25Ga0.75N is
approximately one order of magnitude lower than in c-GaN.[9,11]

2.4. Photoluminescence Spectroscopy

Figure 8a shows the photoluminescence (PL) spectra of NID and
Ge-doped c-GaN samples (i.e., without Al, x¼ 0). The near-band-
edge emission of the NID sample mainly consists of three peaks.
The emission at 3.262 eV originates from the recombination of
donor-bound excitons (D0,X).[33] The peak at 3.137 eV is assigned
to a donor–acceptor pair recombination (D0,A0).[33] At 3.068 eV,
an additional donor–acceptor pair recombination can be
observed; we assume C to be involved as an acceptor.[22,34]

With Ge doping at TGe¼ 800 �C, a distinct change in PL spec-
trum can be observed. The overall emission intensity rises
strongly. The intensity of the (D0,A0) peak is higher by a factor
of 10 in the doped sample compared with the NID sample.
Furthermore, the intensity of the (D0,A0) transition becomes
more intense in relation to (D0,X). While the energy of the
(D0,X) transition remains unchanged (indicated by the dashed
line), the (D0,A0) peak shifts by 52meV to 3.189 eV due to
Coulomb interaction between donors and acceptors.[10] The
Coulomb interaction energy is given by[35]

ΔE ¼ e2

4πε0εrr
(4)

where εr¼ 9.44 is the relative permittivity of c-GaN[36] and r the
mean distance from acceptors to donors[36]

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3
4πNGe

3

s
(5)

(a) (b)

Figure 5. Surface topography of c-Al0.25Ga0.75N layers measured by AFM. The Ge effusion cell temperature for the sample in (a) was TGe¼ 800 �C and a
root mean square roughness of Sq¼ 1.9 nm is measured. For (b) TGe¼ 1000 �C and a roughness of Sq¼ 11.3 nm is measured.

Figure 6. Roughness measured by AFM of NID and Ge-doped
(TGe¼ 800 �C) c-AlxGa1�xN layers. Please note that layers with a higher
x have lower thicknesses and thus in general feature smoother surfaces.
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From these relations, a donor concentration of
NGe¼ 4� 1018 cm�3 is estimated for the Ge-doped
(TGe¼ 800 �C) c-GaN sample, which is consistent with the
actual Ge concentration NGe¼ 6.0� 1018 cm�3 determined by
TOF-SIMS.[11]

In Figure 8b, the PL spectra of the doped (TGe¼ 800 �C) and
NID samples with x� 0.1 are shown. The emission intensities of

both samples are nearly identical. The separate emission peaks
which could be observed in the samples without Al have now
merged to a broad emission and have shifted to higher energies
due to the increased bandgap energy of Al0.1Ga0.9N. By perform-
ing multipeak fits, it becomes clear that this broad emission is
composed of two emission peaks, which are expected to stem
from the same processes as observed for c-GaN, namely an

(a) (b)

Figure 7. a) Donor concentration versus Al mole fraction x measured by CV spectroscopy for NID (squares) and Ge-doped layers (TGe¼ 800 �C, dots).
Linear functions are fitted to the data points. The donor concentration in NID samples rises linearly with increasing Al mole fraction. In Ge-doped
samples, the donor concentration is nearly constant over the investigated range of x. b) Donor concentrations measured by CV spectroscopy for fixed
x¼ 0.25 and varying Ge effusion cell temperature TGe. In the investigated temperature range, the donor concentration rises exponentially with increasing
cell temperature. The maximum achieved donor concentration is 1.4� 1020 cm�3.

(a) (b)

Figure 8. a) PL spectra at 13 K of the NID (dotted) and Ge-doped (solid) c-GaN samples. Multipeak fits were performed to obtain the peak energies. b) PL
spectra at 13 K of the NID (dotted) and Ge-doped (solid) c-Al0.1Ga0.9N samples. For better clarity, the spectrum of the doped sample is shifted vertically by
a factor of 10, as the emission intensities of both samples are nearly identical. Multipeak fits were performed to illustrate the composition of the near
band-edge emission and obtain the peak energies.
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excitonic recombination (D0,X) and a donor–acceptor pair recom-
bination (D0,A0). The (D0,X) peak in the NID sample is located at
3.426 eV; in the Ge-doped sample, it is found at 3.440 eV. This
difference is in agreement with the deviating bandgap s in both
samples due to the slightly different Al content x (see Table 1).
In the NID sample, the (D0,A0) peak is found at 3.375 eV, which
is 51meV below the (D0,X) transition. For comparison, the dif-
ference between (D0,X) and (D0,A0) in the NID sample without
Al is 125meV (see Figure 8a). This means that the (D0,A0) tran-
sition in the NID c-Al0.09Ga0.91N sample underwent a blueshift of
74meV compared with the c-GaN sample, which is ascribed to
the Coulomb interaction caused by the unintentional O doping.
In the Ge-doped c-Al0.10Ga0.90N sample the difference between
the (D0,X) and (D0,A0) transition is further reduced to 40meV.
Therefore, a stronger Coulomb interaction occurs due to addi-
tional Ge doping. Like in the case of the c-GaN samples, with
increased doping, the (D0,A0) emission intensity becomes stron-
ger at the expense of the intensity of the (D0,X) transition.

In Figure 9, the 13 K PL spectra of doped (TGe¼ 800 �C, full
curves) and NID layers (dotted curves) with different Al mole
fractions x are shown over an extended spectral range between
2.35 and 4.6 eV (series 1). The spectra are normalized to the peak
emission and shifted vertically for better clarity. The direct
bandgaps for the corresponding cubic AlxGa1–xN samples are
indicated by arrows. These energy gap values were estimated
by ellipsometric measurements and theoretical calculations.[37]

With increasing x, the spectra shift to higher energies and
become broader. Above an Al content of x≥ 0.2, the increased
background doping by O and the broadening of the emission
band due to alloying result in a merge of the exciton band
and the donor–acceptor band. Therefore, no reasonable multi-
peak fit could be performed anymore to separate the different
transitions unlike in the case of samples with x≤ 0.1 (see above).
As shown in Figure 7a, in the NID AlxGa1–xN layers, the carrier
concentration ND due to background doping becomes compara-
ble with the carrier concentration incorporated by the Ge-doped
samples. Therefore, no difference in the PL spectra of the NID
and the Ge-doped samples is expected for the samples with a
higher Al content. Further careful analysis of the spectra shows
that at higher Al concentrations, the peaks of the spectra increas-
ingly deviate from the estimated bandgap energy (arrows), indi-
cating that an additional deep emission band becomes dominant
at high x.

To further investigate the origin of the dominant emission
in samples with x> 0.2, the peak energies of the dominant
emission are plotted versus x in Figure 10. In addition, the low-
temperature direct and indirect bandgaps of c-AlxGa1�xN

[37] are
shown in the diagram. Up to x¼ 0.1, the emission follows the
direct bandgap in excellent agreement. At x≥ 0.37, however,
the emission energies follow a deep defect energy level that lies
0.9 eV below the indirect bandgap of c-AlxGa1�xN. The emission
of the samples with x¼ 0.23 and x¼ 0.26 is neither related to the
bandgap, nor to the deep defect level. The crossover of the direct
bandgap and the deep defect level occurs at x� 0.25.

Currently, the origin of this deep defect level is unclear and
demands additional investigation. One possibility is that a DX
center is formed by O. In Wurtzite, AlxGa1�xN with x> 0.3
O is known to form DX centers,[23,38,39] but theoretical calcula-
tions suggest that no DX formation occurs in the cubic phase.[38]

Due to the fact that the emission of both the NID samples and the
Ge-doped samples sticks to the same energy level at x> 0.25,
the deep defect level seems not to be related to the incorporation
of Ge.

In Figure 11a, the normalized 13 K PL spectra of
c-Al0.25Ga0.75N layers grown with varying TGe (series 2) are
shown. The spectra are shifted vertically for better clarity.
Up to TGe¼ 800 �C, the main emission band lies below the
bandgap Eg� 3.92 eV[37] (discussed earlier) and consists of two
emission peaks. It seems reasonable to assume that these peaks
originate from donor-bound excitons (D0,X) and a donor–
acceptor pair recombination (D0,A0) (see earlier sections and
Figure 8). The (D0,A0) peak at the low-energy shoulder of the
main emission band rises in intensity to the disadvantage of
the (D0,X) peak when doping is increased up to 1.5� 1019 cm�3

Figure 9. PL spectra of Ge-doped (TGe¼ 800 �C, full curves) and NID (dot-
ted curves) AlxGa1�xN layers taken at 13 K. Spectra are normalized to the
peak emission and shifted vertically for better clarity. The numbers besides
the spectra denote the Al mole fractions x. Dotted spectra belong to NID
samples and Ge-doped spectra are drawn with solid lines. Arrows indicate
the direct bandgaps for the respective Al mole fraction.[37]

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2020, 257, 1900532 1900532 (7 of 10) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.pss-b.com


(TGe¼ 800 �C). With further increasing TGe, the spectra become
broader and shift to higher energies. The peak emission at
TGe¼ 950 �C lies above the bandgap, probably due to the
Moss–Burstein effect,[40,41] indicating degenerate doping. The
integral intensities of the spectra are plotted versus TGe in
Figure 11b. Intensities increase by over one order of magnitude
with medium doping compared with the NID layer but begin to
drop above TGe¼ 850 �C. This effect indicates that nonradiative
recombination centers are formed when high Ge fluxes are

incorporated into the layers. Also, the dislocation density is sig-
nificantly increased at TGe≥ 850 �C (cf. section 2.2), which
reduces the radiative efficiency. The PL intensity of the highest
doped sample is almost four orders of magnitude lower than that
of the samples grown at TGe¼ 700 �C and TGe¼ 800 �C.
Comparing with the CV measurements (Section 2.3) shows that
the PL intensity begins to drop when doping exceeds the low
1019 cm�3 doping range.

3. Conclusion

We have investigated Ge as an n-type dopant in c-AlxGa1�xN
layers grown by MBE. Layers with Al mole fractions x between
0 and 0.6 were grown with fixed Ge doping (NGe� 1019 cm�3)
and no intentional doping, and c-Al0.25Ga0.75N layers were grown
with varying donor concentrations up to NGe� 1020 cm�3. While
the growth rate of c-GaN is reduced at high Ge fluxes, no reduc-
tion in the growth rate is observed when growing doped layers
containing Al. The incorporation of Ge into all doped layers is
verified by TOF-SIMS. The Ge concentration measured by
TOF-SIMS and the donor concentration measured by CV spec-
troscopy both increase proportionally to the Ge vapor pressure
curve. A maximum donor concentration of 1.4� 1020 cm�3 in
c-Al0.25Ga0.75N is measured by CV spectroscopy. By means
of TOF-SIMS, it is also found that a higher Al mole fraction
x favors the unintentional incorporation of O, which also acts
as an n-type dopant in c-AlxGa1�xN. Dislocation densities of
the layers were evaluated using HRXRD. Structural degradation
of c-Al0.25Ga0.75N layers doped higher than �3� 1019 cm�3 was
observed. PL spectroscopy revealed clearly separable emission
peaks for doped and undoped c-GaN. The emission peaks merge
to a broad emission band as x increases. We assume a high dop-
ing level even in NID Al-containing samples due to unintentional
incorporation of O. For small x, the near-band-edge emission fol-
lows the direct bandgap of c-AlxGa1�xN. Above a crossover point

(a) (b)

Figure 11. a) PL spectra of c-Al0.25Ga0.75N layers recorded at 13 K. Spectra are normalized to the peak emission and shifted vertically for better clarity. The
bandgap of c-Al0.25Ga0.75N at 13 K is visualized by the solid line (Eg� 3.92 eV).[37] b) Integral intensity of the c-Al0.25Ga0.75N PL spectra at 13 K depending
on the Ge effusion cell temperature TGe.

Figure 10. Peak energy of the 13 K PL of NID (squares) and Ge-doped
(dots) samples depending on the Al mole fraction x. The low-temperature
direct and indirect bandgaps of c-AlxGa1�xN

[37] are shown by solid and
dashed lines, respectively. The dotted line represents the indirect bandgap
reduced by 0.9 eV. Triangles indicate the bandgap experimentally deter-
mined by ellipsometry at 300 K.[37] The difference to the solid line is
due to the thermal shift of the bandgap.
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of x¼ 0.25, the emission is related to a deep defect level
which lies 0.9 eV below the indirect bandgap but is very likely
not caused by Ge doping. For the c-Al0.25Ga0.75N sample series,
we find an increasing PL intensity when doping is increased
up to the low 1019 cm�3 range, but intensities drop with further
increased doping. Overall, Ge is suited for n-type doping of
c-AlxGa1�xN within the investigated range of parameters.
Considering the structural degradation at very high doping,
the maximum reasonably achievable doping level in
c-Al0.25G0.75N is around 3� 1019 cm�3.

4. Experimental Section
The cubic (c-)AlxGa1�xN layers examined in this article were grown by

plasma-assisted MBE in a Riber-32 system. Activated N atoms were sup-
plied by an Oxford Applied Research HD25 radio frequency plasma source.
A total of 10 μm 3C-SiC (001) layers deposited on 500 μm Si (001) were
used as substrates. Two different series of c-AlxGa1�xN layers were grown.
In the first series, the Al mole fraction x was varied between 0 and 0.6, as
c-AlxGa1�xN becomes indirect for x between 0.64 and 0.71.[37] For each x,
an NID and a Ge-doped layer was grown. For doped samples, a Ge effu-
sion cell temperature of 800 �C was chosen to achieve a donor concentra-
tion in the order of 1019 cm�3. In the second series, x was kept constant at
0.25, and the Ge effusion cell temperature was varied from 700 to 1000 �C,
resulting in donor concentrations of up to 1.4� 1020 cm�3. The N2 flow
ranged between 0.18 and 0.21 sccm, and the plasma source was operated
at a power of 260W. The Al beam equivalent pressure (BEP) was adjusted
to the respective fraction x of the BEP required for pure c-AlN growth,
which is 6.9� 10�8 mbar. The Ga BEP was then adjusted such that slightly
metal-rich growth conditions with a total metal excess of one monolayer
were achieved. The growth process—especially the adjustment of the
metal excess monolayer[15]—was monitored in situ using RHEED. For
layers of the first series, a growth time of 4.5 h was set. However, at a
higher x, eventually evidence of hexagonal inclusions became visible in
the RHEED patterns; thus, the growth was stopped at that point. The
growth time for all samples of the second series was 5 h.

The actual Al mole fraction x of the samples was determined by HRXRD
on a Philips X’Pert MRD by measuring RSMs around the asymmetric (113)
reflexes and by EDX using an EDAX EDX system with a Si drift detector
equipped to a JEOL JSM-6060 scanning electron microscope. HRXRD
rocking curves of the (002) reflexes were taken to estimate the dislocation
densities of the layers and RSMs around the (002) reflexes were measured
to evaluate the amount of hexagonal inclusions in our layers. PL spectros-
copy was conducted using a CryLaS FQCW-266 continuous wave
frequency-quadrupled Nd:YAG laser emitting at 266 nm with a power
of 5 mW as an excitation source. For light detection, an Andor iDus
420 CCD equipped to a SPEX 270M imaging spectrograph was used. The
layer thickness of each sample was measured by reflectometric interfer-
ence spectroscopy. TOF-SIMS was used by an ION-TOF TOF-SIMS
5 instrument to gain depth-resolved insight into the composition of the
layers. Therefore, a primary ion beam of 15 keV 69Gaþ ions scanned a
50� 50 μm2 area for analysis. A Csþ beam covering a 300� 300 μm2 area
was taken for depth profiling. AFM was performed using a Nanosurf
Mobile S atomic force microscope operating in contact mode to investi-
gate the surface topography. CV spectroscopy was applied to determine
the donor concentration in our layers, utilizing an Agilent E4980A LCR
meter.
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