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An investigation of different n-type doped zincblende gallium nitride thin films
measured by photoluminescence from 7 K to room temperature is presented. The
spectra change with increasing free-carrier concentration due to many-body
effects such as the Burstein–Moss shift and band-gap renormalization. The
samples are grown by molecular beam epitaxy on a 3C-SiC/Si (001) substrate,
and a free-carrier concentration above 1020 cm�3 is achieved by introducing
germanium as a donor. The analysis of the measured spectra by a line-shape fit
yields different transition processes for different doping concentrations and
temperatures, such as a band–band transition and a band–acceptor transition.
The conduction band dispersion of Kane’s model is perfectly suited to explain the
experimental data quantitatively.

1. Introduction

The cubic zincblende phase of III-nitrides is often overlooked in
comparison with its well-investigated hexagonal wurtzite coun-
terpart. The zincblende III-nitrides possess intriguing properties
such as a higher crystal symmetry than the wurtzite phase or the
absence of spontaneous and piezoelectric polarization.[1,2]

Because of the metastable nature of the zincblende nitrides, prep-
aration and growth are challenging. Despite that, several improve-
ments in the layer quality of zincblende gallium nitride (zb-GaN)
were recently reported.[3–5] Furthermore, due to the higher crystal
symmetry, the band structure of zb-GaN is much simpler than
that of the wurtzite phase.[6] Therefore, zb-GaN has the potential
to replace wurtzite GaN in certain specific application areas such
as quantum dot and quantum well-based devices.[2,7–17]

Very essential for possible applications
is the understanding of the n-type doped
material. To achieve free-carrier concentra-
tions exceeding 1020 cm�3, germanium
was recently introduced as a donor
instead of the standard donor silicon.[18,19]

However, for these free-carrier concentra-
tions, the Fermi energy is pushed high into
the conduction band and both the nonpar-
abolicity of the conduction band and many-
body interactions, such as band filling[20,21]

and band-gap renormalization (BGR)[22]

become increasingly important and must
be considered.

Here, we perform photoluminescence
(PL) on differently high-doped zb-GaN
samples to determine some optical proper-

ties, especially the effects of band filling and renormalization. We
provide a comprehensive description of the measured spectra
and its contributions. The used models are based on Kane’s con-
duction band dispersion[23] as well as basic transitions within the
band structure model.

2. Experimental Section

In this study, six samples of zb-GaN were investigated by PL
measurements at different temperatures, between 7 K and room
temperature (295 K). The zb-GaN layers were deposited on a
3C-SiC/Si (001) substrate by plasma-assisted molecular beam
epitaxy. The samples were doped by either Ge or Si, respec-
tively.[19] One unintentionally doped sample (u.i.d.) was pres-
ent as a reference. Spectroscopic ellipsometry measurements
in the infrared, visible, and ultraviolet spectral ranges were
carried out to obtain information about the zb-GaN layer thick-
ness and free-carrier concentration. The results are shown in
Table 1. Further information on that analysis can be found
elsewhere.[24]

The sample temperature was controlled by a helium-cooled
cryostat, whereas the excitation was realized by a 266 nm contin-
uous-wave solid-state laser (20mW output power). The emitted
light was detected by a combination of a grating monochromator
(1200/mm grating density) with high focal length and a liquid
nitrogen-cooled charge-coupled device camera.

3. Theory

A line-shape analysis was performed to describe the measured
PL spectra close to the band gap. It has to be differentiated
between degenerately doped samples (D, E, F) and samples with
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low doping (A, B, C). For nondegenerate doping samples, the PL
spectrum is dominated by an exciton contribution (X) and a
donor–acceptor pair transition (D0A0). The line shapes of both
contributions are described as Gaussian functions. The energy
position of D0A0 can be estimated by a Coulomb model[25]

ED0A0 ¼ EG � ED � EA þ e2

4πε0εs

�
4πn
3

�
1=3

(1)

with ð3=4πnÞ1=3 ¼ R as the distance between the donor and
acceptor.[26] Here, EG¼3.295 eV[26] is the fundamental band
gap at low temperatures. The donor and acceptor binding ener-
gies are represented by ED and EA, respectively. In the Coulomb
term, n is the free-carrier concentration and εs is a static dielectric
constant dependent on the material. For zb-GaN, this value
is 9.44.[26]

The PL spectrum of degenerately doped samples displays a
conduction band–to–valence band transition. For this, the model
line shape derives from the multiplication of the density of states
DðEÞ and the Fermi–Dirac distribution f eðEÞ. To achieve better
results, the model line shape is also broadened by a Gaussian
function. The density of states can be written as

DðEÞ ¼ 1
π2

k2
∂k
∂E

(2)

where k and the differential come from the Kane conduction
band dispersion[23,27]:

ECBðkÞ ¼
ℏ2k2

2me
þ 1
2

�
EG þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
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(3)

with the free-electron mass me and the momentum matrix
element P. It should be noted that Equation (3) only applies
for the case of the negligible spin-orbit splitting of the valence
bands ðΔso � EGÞ. P can be determined by looking at the effec-
tive mass at the Γ point of the Brillouin zone for the undoped
material at room temperature (band mass m*

0 ðΓÞ)[24,28]

EP ¼ 2me

ℏ2 P2 ¼ ERT
G

 
me

m*
0 ðΓÞ

� 1

!
: (4)

Here, ERT
G ¼3.23 eV[26] is the band gap at room temperature.

EP is established as a more suitable value for discussions,

because of its energy dimension. The reported band mass of
m*

0 ðΓÞ ¼ 0.19me
[28–30] yields EP ¼ 13.77 eV.

Furthermore, the many-body effect of BGR, which describes a
decrease in the band gap due to electron–electron (ΔEeeðnÞ) and
electron–ion (ΔEeiðnÞ) interactions, was taken into account.[22,27]

The renormalized band gap Eren can then be written as[31,32]

ErenðnÞ ¼ EG � ΔEeeðnÞ � ΔEeiðnÞ: (5)

Consequently, we replaced EG with Eren in Equation (3). The
interaction contributions are analytically approximated by[22]

ΔEeeðnÞ ¼
e2kF

2π2ε0εs
þ e2kTF
8πε0εs

�
1� 4

π
arctan

�
kF
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��
(6)

ΔEeiðnÞ ¼
e2n

ε0εsaBk3TF
: (7)

Here, kTF is the Thomas–Fermi screening vector, aB is the
effective Bohr radius (both given in Equation (8)).

kTF ¼
ffiffiffiffiffiffiffiffi
4kF
πaB

s
, aB ¼ 4πε0εsℏ2

m*e2
(8)

Both the BGR and the transition energy are determined by the
Fermi vector kF ¼ ð3π2nÞ13. In PL, the band–band transition
occurs between the filled conduction band and the valence band
maximum for degenerately doped materials. Therefore, the high-
est transition energy is equal to the Fermi energy EF ¼ ECBðkFÞ.
The blue shift of this energy with increasing carrier concentra-
tion due to phase-space filling of the conduction band is known
as the Burstein–Moss shift (BMS).

The model line shape is fitted on to the PL line shape by vary-
ing various parameters, especially the free-carrier concentration.
The resulting carrier concentrations nPL for the low-temperature
experiments are shown in Table 1.

4. Results

In this section, we present both the experimental data and our
model analysis. The analysis of the u.i.d. sample as well as sam-
ple D will be given in more detail as examples for the difference
between the low- and high-doping analyses. Furthermore, due to
the absence of free carriers, the u.i.d. sample is suitable to deter-
mine the acceptor level.

First, the data of all six samples at low temperatures (7 K) as well
as a model fit are shown in Figure 1. The change in the spectra is
clearly visible for increasing carrier concentration, corroborating
BMS and BGR. The low-doped and u.i.d. samples show D0A0

and an X contribution, whereas the degenerately doped samples
display broader spectra from band–band transitions. The model
fits are according to the description in Section 3. Furthermore,
samples B and C display longitudinal optical (LO) phonon replicas
of the D0A0 transition at � 3.06 and � 3.11 eV, respectively.

We now take a closer look at the u.i.d. sample A in Figure 2.
Here, we are able to determine three contributions to the spectra.
First, we observe an exciton at 3.26 eV, which in combination
with a reported exciton binding energy of (25� 1) meV[26,33]

yields a localization energy of (12.5� 1) meV. Therefore, we

Table 1. Sample properties measured by spectroscopic ellipsometry and
PL: zb-GaN layer thickness dSE and free-carrier concentration measured by
spectroscopic ellipsometry nSE at room temperature and PL nPL at a low
temperature.

Sample Doping dSE [nm] nSE(at 295 K) [cm
�3] nPL(at 7 K) [cm

�3]

A – 605 – –

B Ge 602 2.70� 1018 4.0� 1017

C Si 611 7.79� 1018 7.0� 1017

D Si 569 2.75� 1019 9.0� 1018

E Ge 416 5.58� 1019 3.5� 1019

F Ge 352 1.78� 1020 1.1� 1020
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are mainly concerned with a bound exciton transition here. At
lower energies, we see the line shape of two combined contribu-
tions. The main contribution is the D0A0 transition at 3.14 eV.
On the high-energy wing of that peak, we find a very weak shoul-
der, which we determine to be a conduction band-acceptor tran-
sition (e�A0).[34,35] The position of e�A0 at 3.16 eV as well as the

D0A0 position are in agreement with previous studies.[26,30,36,37]

We describe the line shape of this contribution by the same
model as the line shapes for the high-doping samples
(DðEÞ � f eðEÞ). The broadening by a Gaussian function is also
present. A schematic description of the different transition is
shown in Figure 3.

The position of the e�A0 transition can be used to determine
the acceptor level EA ¼ EG � Ee�A0 , which is also in agreement
with previous studies.[26,36] In the next step, the donor level is
calculated by utilizing Equation (1). In the case of the u.i.d. sam-
ple, the Coulomb term is estimated to be zero. We determine
an acceptor level of EA ¼ 135meV and a donor level of
ED ¼ 25meV, which is in agreement with previous studies.[26,36]

Now, we exemplarily discuss the temperature-dependent
PL spectra of the highly doped sample D in detail (Figure 4).
The temperature ranges from 7 K to room temperature (295 K).
For an increasing sample temperature, the spectra become
broader and the determined free-carrier concentration increases.
This is explained by a further activation of carriers by increasing
thermal energy. Furthermore, there seems to be an energy shift
to lower energies which is stronger than the BGR. This indicates
that there are actually two transitions contributing to these spec-
tra. First, there obviously is the conduction band–to–valence
band transition. Second, there is a conduction band–to–acceptor
transition visible as the low-energy replica of the band–band tran-
sition, shifted by the acceptor binding energy. The model line
shapes of both contributions are allowed to have different broad-
enings in our fitting procedure. At low temperatures, the spectra
are sufficiently described by the band–band transition, and nearly
no band–acceptor transition is detectable. However, with increas-
ing temperature, the band–band transition becomes weaker,
whereas the band–acceptor transition remains stable, up to
100 K, where the band–acceptor transition is actually the domi-
nant process. This can be explained by the transfer of excitation-
induced holes from the valence band into the acceptor level. In
the degenerately doped material, most acceptors should be neu-
tralized by electrons from the conduction band or the donors.
If generated holes are present on the acceptor level, a band–
acceptor transition can occur. Here, apparently, a thermal barrier
has to be overcome by photogenerated holes before they are able
to reach the energetically favorable acceptor states.
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Figure 1. Experimental data (black) and model fit (red) of all samples at
low temperatures (7 K). Furthermore, the calculated Fermi energy EF
(green) and renormalized band gap Eren (blue) are marked as vertical lines.
In addition, the used carrier concentrations are given on the right side. For
clarity, the spectra are normalized to the maximum of each curve and
shifted vertically.
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Figure 2. Experimental data (black, continuous) and model fit (red,
continuous) of sample A at a low temperature (7 K). The line-shape model
fit is a combination of three contributions: exciton (X, dark green, dashed),
donor–acceptor pair transition (D0A0, blue, dashed), and conduction
band–acceptor transition (e�A0, dark red, dashed). The combination of
band gap, D0A0 and e�A0, yields the donor and acceptor levels ED and
EA, respectively. The exciton localization energy Eloc is determined by
an exciton binding energy of 25 meV.[33]
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Figure 3. A schematic overview of the transitions and energy levels at a
low (left) and high (right) temperature T. The increasing of T causes a
decrease in the band gap (EG) and renormalized band gap (Eren)
for degenerately doped samples, respectively. Furthermore, the
donor–acceptor pair transitions (ED0A0 ) evolve more to a band–acceptor
transition (Ee�A0 ) for high temperatures, whereas the donor and acceptor
binding energies (ED, EA) remain temperature independent.
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The intensity behavior of both the band–band and the band–
acceptor transitions in dependence on temperature is shown in
Figure 5. There, an initial decrease in the intensity is found.
However, a reactivation occurs at higher temperatures which
yields an increasing intensity. Although we unfortunately cannot
provide a suitable explanation of this at the moment, this

behavior was observed before.[38] The literature suggests that the
intensity will decline again for further increasing temperatures.

In conclusion, the D0A0 and X contributions disappear with
increasing free-carrier concentration (see Figure 1), due to the
increasing effect of band filling and many-body interactions,
and therefore band–band transitions are observed at high
concentrations and low temperatures. Furthermore, the e�A0

transition in degenerately doped samples seems to remain more
or less stable, independent of free-carrier concentration or
temperature.

5. Conclusion

In this study, we investigated samples of differently high-doped
zb-GaN by PL from 7 K to room temperature. The change of the
spectra dependent on free-carrier concentration and on temper-
ature is described by means of BMS and BGR. Furthermore, the
analysis of an u.i.d. reference sample at a low temperature leads
to the determination of the donor and acceptor levels, as
well as the exciton localization energy. The temperature series
of a degenerately doped sample indicates a shift from a band–
band transition to a band–acceptor transition with increasing
temperature.
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