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We introduce germanium as an alternative to silicon for n-type
doping of cubic gallium nitride. Layers with electron concen-
trations up to 3.7 x 10*°cm ™ were grown by plasma-assisted
molecular beam epitaxy on 3C-SiC substrates. Time-of-flight
secondary ion mass spectrometry (TOF-SIMS) measurements
were performed to verify the incorporation of Ge into our layers.
The incorporation of Ge is in good agreement with the trend of
the Ge vapour pressure curve. For the highest doped sample a
drop of the incorporation efficiency is observed. A reduction of

1 Introduction The fabrication of many semicon-
ductor devices requires a precise control of p- and n-type
doping of the material. For n-type doping of wurtzite GaN
most commonly Si is used. It is well known that
incorporation of Si in wurtzite GaN leads to tensile
strain [1], whereas it has recently been shown that this is
not the case for incorporation of Ge, allowing the growth of
highly doped layers with improved crystalline quality [2, 3].
Several groups have demonstrated that Ge is well-suited to
achieve electron concentrations above 10*°cm™ in high-
quality films [4-6] as well as in advanced structures like
nanowires [7].

Due to spontaneous and piezoelectric polarization fields
in wurtzite GaN-based heterostructures, the performance of
devices can be impaired. One approach to overcome these
effects is to grow the metastable cubic zinc-blende phase of
GaN, for which these fields are absent. For n-type doping of
cubic GaN (c-GaN), Si has been used so far to achieve
electron concentrations up to the 10”cm™? range [8—11]. It
is reasonable to assume that employing Ge as a donor in
c-GaN also leads to beneficial effects on the growth of
highly doped layers as observed for hexagonal material and
allows reaching electron concentrations of 10°°cm ™ and
above. However, no experiments on the doping of c-GaN
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the growth rate is noticed for high Ge fluxes. Additionally, a
sample comprising an alternating pattern of Ge-doped and not
intentionally doped interlayers was grown. In the recorded TOF-
SIMS depth profile we observe that in doped regions the Ge
concentration increases along the growth direction. A gradually
decreasing amount of Ge is incorporated into each overlying not
intentionally doped interlayer. We suppose these observations are
due to segregation effects and a resulting accumulation of Ge at
the sample surface during growth.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

with Ge have been reported so far. In this report we present a
first study on the incorporation of Ge into our c-GaN layers
grown by plasma-assisted molecular beam epitaxy.

2 Experimental All c-GaN layers discussed in this
work were grown by plasma-assisted molecular beam
epitaxy in a Riber 32 system. Ga and Ge molecular beams
were provided by effusion cells and an Oxford Applied
Research HD25 radio frequency plasma source was used to
generate activated nitrogen atoms. 10 wm thick 3C-SiC
(001) layers, which are deposited on 500 um Si (001), are
used as substrates. All samples have been grown at a
substrate temperature around 720 °C employing a Ga flux of
34x10%em 2s

Samples with two different doping profiles have been
fabricated. First, a series of samples each consisting of a
nominally 600 nm thick Ge-doped c-GaN layer was grown.
The Ge effusion cell temperature was varied between 600
and 1000 °C in steps of 100°C to achieve doping levels
varying over several orders of magnitude. The sample
structure is sketched in Fig. la. For comparison, also a not
intentionally doped 600 nm thick c-GaN layer was grown.

The second structure that has been grown is a multilayer
stack sample containing several differently Ge-doped and
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Figure 1 Structure of the grown Ge-doped c-GaN layers. (a)
Series of samples consisting of a nominally 600 nm thick Ge-doped
c-GaN layer grown with different Ge effusion cell temperatures.
(b) Multilayer stack sample with doped c-GaN layers with various
Ge concentrations embedded between undoped layers.

undoped layers (see Fig. 1b). First, a 100 nm thick undoped
c-GaN layer was deposited. Subsequently doped and
undoped layers with a thickness of 70 nm each were grown
alternately. For each doped region the Ge cell temperature
was increased by 100 °C, starting at 600 °C. On top of the
last doped layer a 100 nm thick undoped GaN layer was
deposited, eventually.

Time-of-flight secondary ion mass spectrometry
(TOF-SIMS) was performed with an ION-TOF
TOF-SIMS 5 to create a depth profile of the composition
of our layers. A pulsed 15keV-*’Ga™ ion beam scanning a
(50 x 50) wm? area was used for analysing the sample.
Depth profiling was done using a pulsed 1.0keV-Cs* beam
covering an area of (300 x 300) wm?. To prevent charging
of the samples a pulsed electron shower was employed after
each sputter step.

3 Results and discussion TOF-SIMS measure-
ments on the samples of series (a) were performed to
investigate the composition of the layers. Figure 2 shows the
depth profile of the layer grown with a Ge effusion cell
temperature of 800 °C. The sputter time is proportional to
the depth the signals originate from. The profile can be
divided into two parts as indicated by the dashed line. Up to
a sputter time of approximately 860 s the signals originate
from the c-GaN layer. The negative secondary ion signals
originating from GaN~ and GaO™ run at a high intensity in
this region. C~ and O~ ions are detected because of
impurities in the layers. C and O are known to form
acceptors and donors in c-GaN, respectively [8, 12]. An
increase of the C concentration towards the sample surface
can be observed. This behaviour is not apparent for all of the
samples and should be investigated further. In the c-GaN
layer, the O™ signal runs at a relatively high intensity. The
unintentional n-type doping by O however can be
disregarded, because the not intentionally doped sample
shows p-type conductivity with a hole concentration around
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Figure 2 TOF-SIMS depth profile of the c-GaN layer grown with
a Ge effusion cell temperature of 7. = 800 °C. The dashed vertical
line at a sputter time of ~860s indicates the transition from the
c-GaN layer to the 3C-SiC substrate. The appearance of the Ge™
and GeN™ signals prove the incorporation of Ge into our c-GaN
layers.

10'cm while featuring the same O~ signal intensity. At
the c-GaN/3C-SiC interface an increase of the O
concentration can be observed. This is probably due to a
residual oxidation of the substrate, although de-oxidation
steps are performed.

The incorporation of Ge into our layers is proved by the
appearance of signals that stem from Ge™ and GeN™ ions.
Both signals proceed proportionally to each other, but the
GeN™ signal features an approximately one order of
magnitude higher sensitivity. The Ge-related signals remain
constant within the c-GaN layer, so we conclude that
homogeneous doping throughout the whole layer could be
achieved. After a sputter time of about 860s a significant
change of the profile can be observed. The GaN~ and GaO ™
signals decrease and the C™ signal increases strongly because
the interface between the c-GaN layer and the 3C-SiC
substrate is reached by the ion beams.

Due to the lack of a calibration sample, no absolute
values for the Ge concentration could be extracted from the
TOF-SIMS depth profiles. Instead, the ratio of the GeN™
intensity to the GaN™ intensity was calculated, which is
proportional to the Ge concentration and allows to compare
different TOF-SIMS experiments because the GaN ™ signal
intensity should be the same for all samples due to the
identical N concentration. In Fig. 3 the values are plotted
over the Ge effusion cell temperature. The vapour pressure
curve of Ge [13] is plotted on a second scale, which is
vertically shifted to fit to the TOF-SIMS data. The detection
of Ge is limited by the noise level of the GeN™ signal which
was determined from the not intentionally doped sample and
is indicated by a dashed line in Fig. 3.

The amount of Ge found in the two samples with the
lowest Ge concentration is significantly higher than
it is expected from the vapour pressure curve. A Ge
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Figure 3 The ratios of the GeN™ to the GaN™ signals determined
by TOF-SIMS measurements are plotted over the Ge effusion cell
temperature. The noise level of the GeN™ signal, which limits the
Ge detection, is indicated by a dashed line. The Ge vapour pressure
curve is fitted to the TOF-SIMS data.
concentration in the order of 10" and 10°cm 3,
respectively, is expected for these samples according to
the vapour pressure curve. The Ge concentrations of more
heavily doped samples are in good agreement to the trend of
the vapour pressure curve, except for the sample with the
highest Ge content (7, = 1000 °C). The calculated GeN™ to
GaN™ intensity ratio lies clearly below the vapour pressure
curve. We thus suppose that the incorporation efficiency of
Ge drops at high Ge fluxes and the upper limit of
incorporation is reached at this point. The electron
concentration in this sample is 3.7 x 10%°cm ™ (determined
by Hall Effect measurements). For the second highest
doped sample we measured an electron concentration of
8.7 x 10" cm™>. Due to the lack of absolute values for the
Ge concentration, we could not determine the electrical
activation of the incorporated Ge.

The nominal thickness of all layers is 600 nm. This
value is based on an average growth speed of 133 nmh ™'
for undoped samples. The actual layer thickness was both

TOF-SIMS measurements the required sputter time until the
interface between the c-GaN-layer and the 3C-SiC substrate
is reached was taken to calculate the layer thickness. To
calculate the sputter speed the layer thickness of the
undoped sample measured by reflectometry was taken as a
reference. The results are listed in Table 1. With increasing
Ge effusion cell temperature, that is increasing Ge flux, the
thickness of the layers decreases. The growth time of all
samples was kept constant at 4.5 h, thus the growth speed is
reduced due to the presence of Ge. At a Ge temperature of
1000 °C the growth speed is reduced by 40% compared to
the undoped sample.

In Fig. 4 the TOF-SIMS depth profile of the sample
comprising several differently doped layers is displayed.
Doped and undoped layers can be distinguished by
evaluating the Ge™ and GeN™ signals. Layers grown at
higher Ge effusion cell temperatures feature higher Ge™ and
GeN™ signal intensities.

The exact positions of the interfaces between doped and
undoped layers are ambiguous because the Ge concentration
changes gradually at the layer interfaces and does not drop
to zero in undoped layers. We believe the observed Ge
profile in the undoped layers has different origins for both
interfaces of a layer. When sputtering the sample during
TOF-SIMS analysis, some Ge atoms of doped layers are
taken along into the undoped layers by recoil implantation,
which explains the gradual decrease of the Ge concentration
at the bottom boundaries of doped layers (seen in sputtering
direction).

However, the decrease of Ge concentration is more
gradual at the top boundaries of doped layers. We suppose
that during growth of doped layers some excess
Ge accumulates on the surface and is incorporated into
the nominally undoped layers. This accumulation can be
explained by means of the growth process. When growing
undoped c-GaN layers, a Ga excess of exactly one
monolayer is maintained by adjusting the Ga effusion cell
and substrate temperature. Reflection high energy electron
diffraction (RHEED) is used to monitor the Ga coverage of
the surface. The presence of one excess monolayer of Ga has
been proven to provide the best conditions for c-GaN
growth [14]. During the growth of doped layers we also

measured by reflectometric interference spectroscopy

and determined from TOF-SIMS measurements.

From

maintained an excess monolayer on the surface, which is
now composed of Ga and Ge atoms. We assume that due to

Table 1 Thickness of the doped c-GaN-layers determined by reflectometric interference spectroscopy and TOF-SIMS. The layer
thickness determined by TOF-SIMS is calculated from the time needed to sputter the c-GaN layer until the substrate is reached. The

growth speed is calculated based on a growth time of 4.5h, which was kept constant for all samples.

Ge temperature (°C) -2 600 700 800 900 1000
layer thickness, reflectometry (nm) 612 588 556 543 460 363
layer thickness, TOF-SIMS (nm) 612 593 601 617 437 365
growth speed, reflectometry (nm/h) 136 131 124 121 102 81
growth speed, TOF-SIMS (nm/h) 136 132 134 137 97 81

“Undoped sample.
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Figure 4 TOF-SIMS depth profile of the multilayer stack sample containing several differently Ge-doped and undoped layers. The
doped and undoped layers and the substrate are highlighted in different shades. For the sake of clearness, the signals related to O and C
impurities are discarded. The Ge effusion cell temperatures that were used for the doped layers are indicated in the diagram.

the higher dissociation energy of the Ge—Ge bond compared
to the Ga—Ga bond (see Table 2) the evaporation of Ga from
this excess layer is stronger than the evaporation of Ge.
Therefore, an increasing amount of Ge can accumulate on
the surface during growth.

The Ge excess could also explain the facts that the
growth speed of highly doped layers decreases and that
the Ge concentration in doped layers increases towards
the sample surface. Impinging Ga atoms could be hindered
by the Ge adlayer to reach the growth front, what reduces the
growth speed. Additionally, considering the bond energies
in Table 2, the Ge—N bond is formed more likely than the
Ga—N bond. Thus, with an increasing amount of Ge on the
surface more Ge is incorporated into the crystal, resulting in
the increasing doping profile in the doped layers. The Ge
concentration in the layer doped with a Ge effusion cell
temperature of 900 °C shows a deviating behaviour. The
concentration does not increase constantly towards the
sample surface, but increases steeply near the upper
interface of the layer. The reason for this behaviour is

Table 2 Bond-dissociation energies AH for different bonds
containing gallium and germanium.

bond AH (kcal/mol) Reference
Ge-N 61 [15]

55 [16]
Ga-N 37.7 [17]
Ga-Ga 33 [18]
Ge-Ge 45 [15]

65.5 [18]
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unclear; it is most likely caused by a fluctuation of the Ge
flux. Similar structures grown by MOVPE, in contrast to
our multilayer stack sample, exhibit constant doping
profiles [19].

The 600nm thick layers from series (a) exhibit a
homogeneous doping profile, in contrast to sample (b).
The exact reason of this difference is unclear. We assume
that due to the significantly longer growth time the
amount of Ge on the surface saturates and thus a constant
doping density is achieved. Also, we cannot preclude that
due to varying growth conditions Ge behaves differently
on the sample surface. The effect that the two lowest
doped samples contain a higher amount of Ge than it is
expected from the vapour pressure curve could also be
explained by the accumulation of Ge and the strong Ge-N
bond.

To avoid the accumulation of Ge further optimization
of growth needs to be done. The presence of a Ga excess
monolayer has merely proven to provide the best growth
conditions for undoped layers; one cannot necessarily
assume that this is also the case for Ge-doped layers.

4 Conclusions Cubic GaN layers doped by germa-
nium were grown by plasma-assisted molecular beam
epitaxy. By varying the Ge effusion cell temperature, doping
levels spanning a range of several orders of magnitude were
realized. The incorporation of Ge was verified by time-of-
flight secondary ion mass spectrometry (TOF-SIMS). Over
a large temperature range of the Ge effusion cell the
incorporated Ge concentrations follow the vapour pressure
curve of Ge. For very high Ge fluxes a saturation of the Ge
incorporation occurs; the highest electron concentration that
was achieved is 3.7 x 10°°cm ™. This concentration is
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about one order of magnitude higher than that reached
by Si-doping. The thickness of the grown layers was
determined by reflectometric interference spectroscopy and
TOF-SIMS. A reduction of the growth rate was found when
applying high Ge fluxes, which is ascribed to the
accumulation of Ge on the sample surface during growth.
A multilayer stack sample comprising several 70 nm thick
layers with different Ge concentration separated by undoped
interlayers was grown. The Ge accumulation during the
growth of doped layers caused an unintentional doping of
subsequently grown undoped layers. Also an increase of
the Ge concentration within the doped layers was found.
Doped layers with higher thickness however feature a
homogeneous doping profile.
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