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Magnesium is the only known effective p-type dopant for
nitride semiconductors. Although the p-doping is chal-
lenging for AIN and GaN, requiring the activation of the
Mg acceptors, in the case of the MOCVD growth, meth-
ods for obtaining reliable and high level doping have
been developed. Similarly for n-type doping silicon has
been used successfully for more than a decade. More re-
cently germanium has been found to be as effective for
n-type doping, with the additional advantage of inducing
less strain in the host lattice due its size similarity to gal-
lium. Doping of InGaN is more challenging due the dif-

1 Introduction InGaN semiconductors have a direct
band gap spanning from 0.7 eV to 3.4 eV. This band gap
could allow the fabrication of solar cells converting the en-
ergy across entire solar spectrum [1, 2]. However, further
improvements regarding the material growth and doping
are required in order to increase the conversion efficiency
to practically significant levels. Recently we have reported
on the progress growing InGaN with indium fractions lar-
ger than 20% and on the photovoltaic action from such
structures [3, 4]. Optimized multi-junction solar cells re-
quire the incorporation of larger indium fractions. For this
reason, the InGaN alloys have been subject of sustained
work targeting the synthesis of layers with high crystalline
quality and high indium fraction (>30%) that would allow
the absorption of light with longer wavelengths from the
solar spectrum.

Doping of such material is required in order to enable effi-
cient charge carrier generation and collection. Therefore,
we have determined the upper Mg doping concentrations
for GaN and InGaN with large indium fractions. Below
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ficulty in controlling the donor background associated
with material extended defects and the incorporation of
impurities. Although successful p-type doping of InGaN
with Mg has been demonstrated, quantitative limits for
the magnesium incorporation and its behavior have not
been analyzed. In this paper we investigate both, Mg and
Ge doping of InGaN. We also discuss the challenges
posed by the growth and measurement of the InGaN pn-
junctions characteristics as well as we demonstrate the
fabrication of large area long wavelength LEDs on sili-
con (111) by PA-MBE.
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this limit, high acceptor concentrations and efficient dop-
ing can be established. We have also determined the effect
of Ge incorporation on the electron concentration and mo-
bility, in InGaN with indium fractions between 32% and
40%. Ultimately we discuss and demonstrate the fabrica-
tion of large area green and yellow InGaN LEDs on Si
(111) substrates.

2 Experimental We have grown GaN and InGaN
films on 2 inch GaN/sapphire templates using a produc-
tion-style plasma-assisted molecular beam epitaxy (PA-
MBE) system equipped with Veeco UNI-Bulb RF plasma
sources. The insulating GaN templates were grown by
MOCVD and had a nominal thickness of 5 pum. The
growth was initiated by depositing 200 nm of nominally
un-doped GaN. The magnesium doped layers of GaN have
a thickness in the range from 550 nm to 850 nm while the
thickness of the InGaN layers is of 300 nm. All InGaN
films have been grown at the same substrate temperature
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and using the same indium flux. Mg cell temperature was
increased such that the beam equivalent pressure (BEP) at
the sample surface ranged from ~1x10° Torr to 1.6x107
Torr.

Film composition and thickness were evaluated by Ruth-
erford backscattering spectrometry (RBS) and secondary ion
mass spectrometry (SIMS), while the crystallinity of the film
was evaluated using ion channelling. Hall and electrochemi-
cal capacitance voltage (ECV) measurements were used to
estimate the conduction type, carrier density and mobility.
SIMS analysis was used to investigate the dopant (Mg and
Ge) distribution and density.

3 Results and discussion The effect of magne-
sium incorporation on GaN and In,Ga, N layers with high
indium fraction (x=0.4) was investigated. In Fig. 1 the de-
pendence of the ion channelling yield on the density of Mg
atoms incorporated is presented. Low values of the chan-
nelling yield are associated with high crystalline quality
while larger values suggest a higher scattering rate of the
ions due lattice imperfections. The black filled symbols
represent the crystallinity at the surface of the GaN:Mg
layer while the red, open symbols represent the crystallin-
ity of the GaN:Mg layer 500 nm below the layer’s surface.
There is a noticeable and linear decrease of the ion chan-
nelling yield at surface when compared with the value at
500 nm, suggesting that the crystallinity of the layer im-
proves gradually, as the thickness increases, by almost an
order of magnitude. The plot reveals that for a Mg concen-
tration larger than 6-7x10%° cm™, the crystallinity of GaN
film deteriorates. The samples incorporating larger
amounts of Mg exhibit a channelling yield that is approxi-
mately one order of magnitude larger than that of the sam-
ples having Mg densities below this threshold. The meas-
urements of the carrier properties performed using Hall
method (density, mobility and conduction type) are corre-
lated with respect to this threshold as well. Below the
threshold concentration the measured samples exhibit p-
type conduction. For concentrations of Mg in the 10*°cm™
range, we have measured hole concentrations in the range
from 2.2x10'em™ to 4x10'8cm™ and low carrier mobilities
(1.9-2.6 cm?/Vs), while larger mobilities (10-12 cm?/Vs)
are associated with lower hole concentration (3.75x10'-
4x10"ecm™) and lower Mg concentration (10'%-10"cm™).
Above the threshold the conduction is dominated by the
conduction band electrons (n-type) with concentrations
around 1x10"® cm™ and mobilities of 152 ¢cm?*/Vs and 93
cm’/Vs, respectively. The activation efficiency of the Mg
acceptors appears to be dependent on the Mg concentration
as well. At low Mg concentration the activation efficiency
is of ~10% and decreases quickly with the increase of the
Mg concentration, reaching 0.7% for the samples near the
conduction type threshold.
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Figure 1 Dependence of the ion channelling yield on the magne-
sium concentration in GaN films as determined by SIMS.

The change in the conductivity type is clearly associ-
ated with an increase in the ion scattering events as meas-
ured by the increase of the channelling yield value. The
formation of donor-type defects is likely the cause for the
change in the conductivity type but the identification of the
nature of the defect was not within the scope of this study.
It has been found that besides nitrogen vacancies (Vy), the
Mgg,-Vn vacancy complex has also a donor character con-
tributing to the acceptor compensation in p-type GaN [5].
In a previous study regarding the p-doping of MOCVD
GaN [6], a Mg incorporation limit of 3x10""cm™ has been
found which is approximately one order of magnitude low-
er than that of PA-MBE GaN. A similar change of the film
conductivity with the increase of the Mg flux was reported
for the doping of In,Al, 4N, [7].

In the case of InGaN films the channelling yield de-
pends not only on the impurity incorporation but also in-
creases with the fraction of indium, for the In,Ga; (N com-
position range with 0<x<0.5. Therefore the channelling
yield is not an accurate representation of the magnesium
incorporation. The conductivity type of the epitaxial layer
is also challenging to determine especially for InGaN al-
loys with indium fractions larger than 35%. For these high-
er indium fraction alloys, the surface of the film accumu-
lates electrons as the Fermi level becomes pinned above
the conduction band edge. In this case the magnesium in-
corporation limit was determined based on the competition
between In and Mg for the InGaN lattice site. Magnesium
has to occupy the lattice site of the group III element in or-
der to form an acceptor. Therefore, it is expected that mag-
nesium would gradually replace some of indium in the lat-
tice places of the group III element, as its concentration in-
creases. However, we have found a behaviour that is char-
acterized by a threshold with respect to indium incorpora-
tion, Fig. 2. For Mg fluxes (BEP) larger than 1x10” Torr,
indium incorporation is prevented to a large extent and the
formation of a quaternary InMg,Ga, N alloy with
0.12>y>0.06 and 0.01>x>0.004 is observed.
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Figure 2 Dependence of the indium fraction of the magnesium
concentration in In,Ga, (N films with x=0.4, as determined by
SIMS. The insert depicts the SIMS analysis of a quaternary
In,Mg,Gaj.«yN film with y=0.12 and 0.005>x>0.001.

The SIMS elemental concentration profile of such a
quaternary alloy sample is presented in the insert of the
Fig. 2.

It is noticeable that after an initial growth regime char-
acterized by the incorporation of a relatively high fraction
of indium, the Mg incorporation has a sudden increase
while indium concentration falls by more than 2 orders of
magnitude. We infer that the behaviour relates to the sur-
face accumulation of Mg and its preferential incorporation
over that of indium. It is worth noting that Hall measure-
ments of the InMgGaN layers find n-type conductivity
with an electron concentration of ~9x10'® cm™ and mobil-
ity of 189 cm’/Vs. More details regarding the material
structure and properties will be provided elsewhere.

To avoid the accumulation of Mg at the growth surface,
the arrival of the participating atomic species has been con-
trolled by the coordination of the shutter opening. Thus Mg
has been admitted in the chamber while the group III shut-
ters were closed. Using this technique we have been able to
obtain extremely high densities of ionized Mg acceptors
(net concentration) in the range from 2x10" cm™ to 8x10"
ecm” for InGaN layers with indium fractions as high as
37%, as measured by ECV, Fig. 3. Previous work, [8] has
found a hole concentration at room temperature of 1.7x10"
cm” for InGaN with an indium fraction of 29%. The acti-
vation energy found by the authors, for InGaN with 17%
indium fraction is of only 48 meV. This energy is expected
to reduce further with the increase of the indium fraction
and we consider that at a fraction of 37%, the density of
ionized acceptors is roughly equal with the density of hole
carriers.

Germanium has been used successfully as n-type do-
pant replacing silicon. We have found that for Ge concen-
trations from 1x10%°cm™ up to ~4.5x10%° cm™, the electron
concentration increases exponentially with the increase of
the Ge doping. This is also reflected in the activation effi-
ciency that increases from 5% at the lowest Ge concentra-
tion, up to 85% for the Ge concentration of 4.5x10%°cm>,
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Figure 3 Net ionized Mg acceptor density measured by ECV.
The depth represents the depletion region distance from the sur-
face of the sample.

Fig. 4. At this level, the electron concentration saturates at
maximum of 3.9x10*° cm™, and any further increase in Ge
concentration appears to generate lattice defects that tend
to compensate the electron carriers.
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Figure 4 Dependence of electron carrier properties on the ger-
manium concentration in GaN films as determined by SIMS.

The highest electron mobility, 134 cm?/Vs is obtained
for the lowest Ge concentration and similar with the elec-
tron density, the electron mobility saturates around
40 cm?/Vs, for the same range of Ge concentrations.

In the case of Ge-doped InGaN, with indium fractions
between 32% and 40%, the highest electron concentration
measured was 7.4x10”" cm™ for a concentration of Ge of
4x10* ¢cm>, Fig. 5. This is not unexpected since for this
range of indium fractions electrons are known to accumu-
late at the surface. The Hall measured value would thus re-
flect the transport properties of the surface electrons as
well as those of the bulk electrons. For the InGaN layers,
the measured mobility ranged from 88 cm?Vs to 25
cm?/Vs, with the higher mobility corresponding to an elec-

tron concentration of 1.6x10" ¢m™.
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Figure 5 Dependence of electron carrier properties on the ger-
manium concentration in InGaN films, as determined by SIMS.

Furthermore, we have grown layers of AIN/n-GaN/n-
InGaN/p-InGaN/p-GaN on p-silicon (111). The n-GaN was
grown under 2-dimensional growth mode while the n-
InGaN layers were grown under N-rich conditions, allow-
ing the on-set of Stranski-Krastanov growth mode. Finally,
graded p-InGaN and p-GaN layers have been grown under
metal-rich conditions to promote faster lateral growth.

We have used two different samples to define small
structures and measure the electroluminescence. The two
samples emit light at 535 nm and 593 nm, respectively,
under 10 mA pulsed current (1 kHz, 50%), as presented in
Fig. 6. Photolithography and electron beam evaporation
were then used to deposit a Ni/Au grid on the top p-type
GaN layer. Electron beam evaporation was also used to
deposit Ti/Pd/Ag onto the back side of the Si wafer to form
the back ohmic contact of these structures with a surface of
0.25 cm®. The sample was held down on a copper block
and under bias allowing a current density of ~1 A/cm’
green emission was observed over the entire area of the
sample, insert of Fig. 6.

Long wavelength LEDs have been grown in the past

based on structures using the formation of multi-quantum
disks, or quantum dots imbedded in nano-columns [9] or
quantum wells [10], respectively. When the indium frac-
tion of the emission regions is increased, a strong decrease
in the light output intensity is observed and reported [9, 10,
11]. In the case of our structures, the output intensity de-
creased by almost 40% for the yellow LED when com-
pared with the green LED. One explanation proposed the
quantum confined Stark effect (QCSE) for the light red-
shift and reduced radiation efficiency [11].
Our photovoltaic experiments suggest that the current for-
ward leakage along the threading dislocations becomes the
main carrier loss mechanism in un-doped InGaN layers
with indium fractions around 35%, due to the decrease of
the potential energy barrier that is screening the lattice de-
fects at lower indium fractions.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 Room temperature EL spectra of InGaN green and yel-
low LEDs under 10 mA pulsed current. The optical view of the
RT green emission of (5x5) mm InGaN LED.
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4 Conclusions Mg and Ge doping behaviour of
In,Ga,; 4N with x>30% has been analyzed. We have de-
vised techniques allowing the achievement of high carrier
concentrations and determined practical limits for the in-
corporation of these dopants. Relatively large area LED
structures have been fabricated from which green and yel-
low electro-luminescence has been measured.
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