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We report luminescence decay characteristics of the InGaN/GaN scintillator heterostructures doped with Zn. Unusually large 
shifting of luminescence band caused by Zn acceptors incorporated in InGaN is observed both in time-resolved and excitation-
dependent spectra. Origins of the shifts are discussed, and model based on donor-acceptor pair recombination is introduced. The 
results imply a shrinkage of donor Bohr radius compared to the bulk material caused by quantum confinement effect. The slow 
decay of Zn band points out to the necessity of Zn impurity elimination in applications requiring fast timing characteristics of a 
scintillator.
© 2023 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited  [DOI: 10.1149/2162-8777/
acda62]

Manuscript submitted April 20, 2023; revised manuscript received May 19, 2023. Published June 19, 2023. This paper is part of
the JSS Focus Issue on Recent Developments in Theory, Measurements and Applications of Luminescent Materials: A Tribute to
Prof. B. Di Bartolo.

A large demand for scintillators with fast response leads to
investigating new materials from the perspective of high-energy
radiation response. InGaN/GaN heterostructures with decay times in
order of ns are one of the promising candidates in applications like
Time-of-Flight Positron Emission Tomography (TOF-PET).1–3 One
of their advantage is the quantum confinement of excited carriers in
few nanometers thick InGaN layer acting as a potential well since
InGaN bandgap is lower than GaN. The carriers excited in structure
(mainly in GaN layers) are redistributed on ps time scale after
excitation to the InGaN quantum well (QW) and the local concen-
tration of carriers is therefore higher than in bulk material, making
the influence of non-radiative centers less pronounced. This makes
the radiative recombination in InGaN QWs highly efficient.
Moreover, the emission energy from InGaN QWs is lower than
the GaN bandgap, meaning that the self-absorption effect is
negligible. However, several issues concerning InGaN/GaN scintil-
lators must be solved: except problems arising from limited
thickness of InGaN/GaN active region, the unwanted defect lumi-
nescence with long decay times is a significant obstacle hindering
the widespread of nitride-based materials as scintillators. Therefore,
understanding the defect nature and their recombination mechanisms
is of great importance nowadays.

Zinc impurities are one of the common contaminants found in
GaN and InGaN layers grown by Metal Organic Vapour Phase
Epitaxy (MOVPE). Their behavior is quite well-documented since
Zn doping of InGaN was studied as a potential solution for
fabrication of white light-emitting diodes (LEDs).4–6 The Zn doping
results into broad luminescence band (ZnB) shifted about 400–-
500 meV to lower energies than the main luminescence peak
originating from InGaN band-to-band recombination. The origin of
ZnB was assigned to donor-acceptor pair (DAP) recombination
between Si donors and Zn acceptors.4,5 In GaN, Zn forms a
relatively deep acceptor when substituting Ga atom with the energy
level around 390 meV from the valence band7 while Si acts as a
shallow donor with ionization energy of 25 meV when introduced in
low concentration.8 However, there is a lack of reports considering
the luminescence decay kinetics of ZnB in literature despite the
decay kinetics is important factor for scintillator development.

ZnB exhibit unusually large spectral blue-shifting with increasing
excitation intensity. Several explanations of the shifts were provided

by different authors. They were assigned to tunnelling currents,9

band filling effect alongside with piezoelectric field screening,10

competition between different luminescence bands6 and the DAP
recombination mechanism. In the latter case the shift happens due to
the Coulombic interaction between ionized donors and acceptors.5

The large shifts were actually one of the reasons why the InGaN:(Zn,
Si) failed on the white LED market.

In this paper, steady-state, and time-resolved Photoluminescence
(PL) and Secondary ion mass spectroscopy (SIMS) measurements
are applied to study the luminescence decay of ZnB and to resolve
the origin of ZnB luminescence shifts. A phenomenological model is
used to explain the large shifts by DAP recombination involving
donor with lowered Bohr radius due to the quantum confinement in
InGaN layers.

Experimental

Samples were prepared by MOVPE on a c-oriented sapphire
substrate. First, commonly applied GaN buffer layer was deposited.
More information can be found in Ref. 11. Trimethylgallium was
used as Ga precursor and NH3 as the nitrogen one. These layers were
grown in H2 atmosphere. Then, Si-doped GaN was grown (Si doping
was employed to smear the piezoelectric field inside the QWs and
thus increase the electron-hole wavefunction overlap). A thin low-
temperature (LT) GaN was placed between GaN buffer and InGaN/
GaN active region to incorporate impurities flowing on the growth
surface.12 InGaN/GaN active region was grown from
Triethylgallium precursor for Ga, Trimethylindium for In and NH3

for nitrogen in N2 atmosphere. More information can be found in
Ref. 13. The first 5 InGaN QWs separated by GaN barriers were
grown followed by GaN separation layer and another stack of 5
QWs and barriers. Average In concentration in InGaN QW was 5%
and the QW thickness was 1.6 nm. The Zn doping in InGaN QWs is
not intentional and varies among the samples. The samples P1, P2
and P3 studied in this work are nominally identical except the
growth parameters listed in Table I. The whole structure is capped
by thin GaN layer. The structure is schematically shown in Fig. 1.
Please note that InGaN QWs are also doped by Si (shallow donor14)
which diffuses from the GaN:Si layer, see Fig. 2. The Si doping is
utilized to screen the electric fields in the quantum well region which
originate from the difference in spontaneous and piezoelectric field
polarizations between GaN and InGaN.

Steady-state photoluminescence was measured with confocal
microscope LabRAM HR Evolution with He-Cd laser (excitationzE-mail: hajek@fzu.cz
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wavelength 325 nm) and UV-compatible objective CG74. The spot
diameter was 2 μm and the penetration depth of the excitation light
was around 100 nm (absorption coefficient 1.2 × 104 cm−115).

PL decay curves were measured by a custom-made spectro-
fluorometer 5000 M (Horiba Jobin Yvon, Wildwood, MA, USA)
using nanosecond nanoLED pulsed light sources in time-correlated
single-photon counting mode (Horiba Scientific) as the excitation
sources. The detection part of the setup involved a single-grating

monochromator and a photon-counting detector TBX-04
(Hamamatsu). Measured spectra were corrected for the spectral
dependence of detection sensitivity.

Time-resolved radioluminescence was measured with soft X-ray
pulses generated by a picosecond pulsed laser from Hamamatsu
(illuminating the photocathode of X-ray tube) with pulse duration of
51 ps and the detected emission was set at 379 nm. Detection was
done by a PMA 182 photomultiplier from PicoQuant connected to a
PicoHarp 300 multichannel analyzer. We also used 10 nm bandpass
filters centered at 379 nm to obtain response only from the excitonic
band.

The photoluminescence-excitation spectra in the form of 2D
contour plots of prepared samples were measured on a custom
apparatus. The sample was illuminated by a EQ99X laser driven
light source filtered by a Gemini 180 monochromator (Jobin Yvon).
The light from the monochromator exit slit was then focused on the
sample by two 2-inch-diameter MgF2 lenses with a focal length of
100 mm. The whole apparatus has been calibrated by means of a
Newport 918D Low power calibrated photodiode sensor over the
range 190–1000 nm, the resolution of the system being 4 nm. The
emitted light from the sample was collected by an optical fiber
connected to a TRIAX320 monochromator (Jobin Yvon) equipped
with a cooled CCD detector. At the entrance of the monochromator,
different long pass filters were chosen in order to eliminate the
excitation light. The spectral resolution of the detection system was
2 nm. Excitation intensity is in order of 10−4 W cm−2 in the spectral
region of interest. All emission spectra were transformed from nm to
eV scale using Jacobian transformation. Since the excitation spectra
are calibrated by a photodiode, no correction is needed when
transformation to eV scale takes place.16

Secondary ion mass spectroscopy measurements were performed
by EAG laboratories.

Results

Concentration quenching of Zn in GaN was reported at concen-
trations about 8·1018 cm−3,17 which is far beyond the usual unin-
tentional doping level. The ZnB photoluminescence intensity is thus
expected to be proportional to Zn concentration. To reveal relation-
ship between Zn band in PL and Zn concentration in samples, SIMS
measurements were performed on three samples P1, P2 and P3.
Figure 2 shows the SIMS profile of Zn for all samples in the vicinity
of the quantum well region, the origin of x axis is at the surface of
sample P2 and P3. Sample P1 has thicker capping layer so the SIMS
profile of sample P1 is shifted by the thickness of the capping layer
for clarity to match the QW region of P1 on the one of sample P2
and P3. The grey dash-dot line represents the In signal from sample
P2 and hence, marks positions of QWs. All samples show increased
Zn concentration by almost 1 order of magnitude in InGaN QWs
compared to GaN barriers. SIMS signal is disturbed by the surface
artefacts for the top 5 QWs in the case of sample P2. Si
concentration for sample P2 is also shown in Fig. 2. Preferential
incorporation of residual Si into InGaN layers is observed (Fig. 2).

Photoluminescence spectra excited by 325 nm are shown in
Fig. 3. Emission from InGaN quantum wells (QW) is observed at
higher energy while the broad band at lower energy is assigned to
the ZnB band. Both peaks were fitted with functions adapted to the
origin of the bands. For QW recombination, the pseudo-Voigt
function was used while the Zn bands were fitted with the model
from,18 which takes into account the phonon interaction of a given

Table I. Growth parameters of the studied samples.

Sample GaN cap thickness (nm) Si nominal concentration in buffer [cm−3] LT GaN thickness [nm]

P1 65 1 × 1018 8
P2 12 3 × 1018 60
P3 12 1 × 1018 8

Figure 1. Schematic drawing of the sample structure (not to scale).

Figure 2. SIMS measurement of samples P1, P2 and P3. Signal of sample
P1 is shifted because of the thicker cap layer atop the structure.
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The intensity of ZnB is plotted against the averaged Zn concentra-
tion in the QWs measured by SIMS in inset of Fig. 3 (only data from
the 5 QWs closer to the substrate were used because of the SIMS
surface artefact of measurement). Monotonous dependence is
observed suggesting that concentration quenching does not take
place. So-called yellow luminescence commonly observed in GaN
samples was almost more than two orders of magnitude weaker in
our InGaN/GaN samples under laser 325 nm excitation conditions,
so it was not included into the fitting procedure (checked on
reference sample without InGaN QWs). Oscillations modifying the
PL spectra are interference fringes and their period is determined by
total thickness of nitride layers.

Excitation-emission map is shown in Fig. 4 for sample P1. Zn
acceptors are known to have exceptionally large hole capture cross-
section coefficients ( × −5 10 7 cm3 s−118) making them very effective
luminescence centers and they can be the dominant recombination
channel, especially at low excitation intensities before all Zn
acceptors are saturated. Below GaN bandgap, absorption of excita-
tion light is very weak (only in QWs) which leads to only observable
band being ZnB. Under 3.38 eV (=366 nm) excitation energy,
yellow band (YB) at 2.2 eV from carbon impurities which are
present in GaN buffer19–21 emerges, too. The YB is not observed
with the above bandgap excitation because in such case, the
excitation light is absorbed in the QW region. On the other hand,
YB is not observed for wavelengths much longer than GaN bandgap
since the excitation of YB happens through shallow below-bandgap
states of GaN. The problem of YB luminescence decay kinetics was
described earlier in Ref. 22. In Ref. 22 we showed that the mean
decay time of YB can be accelerated from millisecond range to
hundreds of ns by Si or Ge doping of GaN buffer layer. Therefore,
we found a way how to alter YB behavior not to be detrimental for
scintillator application.

For the above GaN bandgap excitation wavelengths, ZnB along-
side with QW emission are seen.

The temporal performance of a scintillator was tested by soft
X-ray excitation. Beside the very fast component from QW
luminescence (main component with characteristic decay time
0.4 ns), a component with very long decay time can be observed
(Fig. 5) when no spectral filer is used. However, this component

disappears when only QW emission is measured (filtered at 410 nm).
Since the most pronounced spectral component aside from QW
luminescence is ZnB (Figs. 3, 4, we ascribe this long component to
this band. It should be noticed that this slow component was
observed in our earlier study1 and was incorrectly ascribed to yellow
band coming from carbon on nitrogen site in GaN.23,24 In the
following, we show by time-resolved photoluminescence that ZnB is
responsible for this slow component.

The photoluminescence decays ZnB are non-exponential and
wavelength-dependent. Therefore, time resolved spectra are con-
venient to understand the recombination mechanism. Time decays
obtained for wavelengths with step 5 nm in the range 420–600 nm
were divided into 20 time windows ranging from a few tens of ns to
a few tens of microseconds. Time-resolved spectra were constructed
from these time decay curves. Example of the time evolution of the
spectra for sample P3 is shown in Fig. 6a (only 7 spectra are shown
for better clarity). The ZnB shift towards lower energies at longer

Figure 3. PL spectra of the samples P1, P2, and P3. Spectra were fitted
(dashed lines) as described in the text. Inset shows the monotonic
dependence of ZnB intensity on averaged Zn concentration in the InGaN
layers.

Figure 4. RT Excitation-emission map of sample P1. QW emission at
3.03 eV (dotted line) and ZnB emission at 2.61 eV (dashed line) are clearly
observed for all excitation energies above the GaN bandgap. ZnB is observed
also below GaN bandgap (3.39 eV, solid line). At 366 nm excitation, yellow
band at 2.2 eV (dash-dot line) is observed. TOP: an emission spectrum from
the map at excitation energies 3.8 eV (=325 nm) and 3.39 eV (=366 nm).

Figure 5. Time decay of luminescence excited by soft X-ray (sample P1).
The whole visible spectral region measured (red), and with a filter centered at
410 nm (dark blue). Instrument response function (IRF) is also plotted
(grey).

ECS Journal of Solid State Science and Technology, 2023 12 066004



times can be clearly observed. Similarly, the shift of the ZnB is also
seen with decreasing excitation intensity in steady state conditions
(example of sample P3 is presented in Fig. 6b).

Several mechanisms could be hypothetically causing the ob-
served shifting:

1) Competition of different channels. Since the shape of the band
remains almost identical during the time evolution of the spectra
or the change of excitation intensity, we rule out the possibility
that the competition of different channels could be the main
source of the band shift, as suggested in Ref. 17.

2) Tunneling currents. The tunneling currents as the origin of ZnB
shifting9 can be excluded in our case since the excitation is not
an electrical, but an optical one.

3) Electrical field in InGaN QWs. The influence of the electrical
field caused by the difference in spontaneous and piezoelectric
polarizations between InGaN and GaN should be considered as
the cause for the band shift. If this field can be efficiently
screened by excited charge, the shift happens both in time
resolved-spectra and in excitation intensity-dependent PL
spectra. However, this would also result in the shift of QW
recombination peak, which is not observed (Fig. 6c).

4) Ion interaction with electric field. We could argue, that the shift
of ZnB is caused by interaction of the Zn− ions (which remain
in the electric field after the recombination) with the polarization
charge. But if we consider the magnitude of the effect, we have
to reject this hypothesis: the polarization field in QWs is caused
by interface charge in order of 105 e μm−2.25 The number of Zn
ions in the 2 nm wide QW and concentration 1018 cm−3 (upper
limit in our samples measured by SIMS), is at least two orders
of magnitudes smaller than the interface charge. Therefore,
screening of the interface charge cannot lead to significant shift
of the ZnB.

5) DAP recombination. Ruling out the foregoing sources of
shifting, we will reflect on the possibility of DAP recombination
being the source of the blueshift and introduce a model
describing the energy shift during the time decay of DAP
recombination.

In the DAP mechanism, the probability of recombination of one is
given by26

Figure 6. (a) Shift of the time-resolved PL spectra of sample P3. (b) shift of the steady-state spectra normalized to ZnB maximum of sample P3 with excitation
intensity. Shift to the lower energies is clearly observed either with longer decay times or lower excitation intensities. (c) PL spectra normalized to QW peak
maximum. No shift of QW peak is observed with different excitation intensities.

Figure 7. Distribution of donor acceptor pair distances in sample P3.

ECS Journal of Solid State Science and Technology, 2023 12 066004
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The aD is the Bohr radius of the weakly bound particle, which is the
electron in our case. R is the distance between donor and acceptor
and W0 is the limit probability of recombination in the case of an
infinitesimally close pair. Moreover, the probability of recombina-
tion can be considered as the inversion of radiative lifetime of a
given DAP τ .DAP

In the approximation of nearest-neighbor recombination, the
luminescence decay time of one DAP will be mono-exponential.
Therefore, we can assume that the luminescence intensity decay IR(t)
of a single DAP pair will have form
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if we substitute the amplitude A of the decay with probability of the
recombination W(R). To proceed further, the distribution of the
donor-acceptor pair distances G(R) must be known. In bulk material,
theory of DAP distance distribution is well explored, for example,27

but for complicated system such as InGaN/GaN QWs structure, the
G(R) has to be obtained numerically, as is explained below. With
known G(R) we can obtain the decay curve of the whole donor-
acceptor system simply by summation of IR(t) for each time t

∑( ) = ( )⋅ ( ) [ ]I t I t G R 4RR

Moreover, we can obtain the time-dependent energy shift from this
model. Let ER be the energy shift of a given pair caused by
Coulombic interaction. In the first approximation, the interaction

between the charged ions at distance R can be described by

ε
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2

where e is the elementary charge and ε is the static permittivity of
the material (εr = 10 was assumed for GaN28) and ke is the Coulomb
constant. The mean energy shift of the whole DAP system at given
time t can then be estimated:
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As explained above, to apply the model for the time shift of ZnB, the
G(R) distribution must be known. Therefore, we used the SIMS
profiles of Zn and Si (assumed Si to be the donor involved in the
DAP recombination) and performed numerical simulation of random
distribution of Zn and Si atoms in the structure according to the
depth distribution of the atoms in the InGaN QWs obtained
experimentally by SIMS. The lateral dimensions were taken large
enough to have at least 70 000 Zn atoms for each sample. The depth
resolution of the simulation was 1 nm and the studied region
involved only the 5 closer-to-substrate QWs because of the SIMS
measurement artefacts as mentioned earlier. For these concentration
profiles, the nearest-neighbor donor and acceptors were found, and
their Euclidian distance was used. Example of histogram repre-
senting the G(R) distribution probability is shown in Fig. 7 (sample
P3).

Unfortunately, we do not have the SIMS data of Si for sample P1.
Therefore, even Si distribution was assumed in the InGaN QWs
equal to 1017 cm−3. Calculation by Eqs. 4 and 6 and comparison
with experimental results are shown in Figs. 8a–8c and 9a–9c,

Figure 8. Decay curves of photoluminescence of ZnB for samples (a) P1, (b) P2, (c) P3 and the calculated curves using Eq. 4 and G(R) from SIMS.

ECS Journal of Solid State Science and Technology, 2023 12 066004



respectively. Experimental E(t) were obtained from fits of the time
resolved spectra (example in Fig. 6a) with the Eq. 1.

The shift measured experimentally also needs the energy E0

representing the energy of recombination at infinite long time.
Calculation parameters are given in the Fig. 9 and in Table II.

The proposed model reproduces well the experimental data for
both decay curves and the energy shifts allowing to deduce the
parameters W0 and aB summarized in Table II. The weak dispersion
of the obtain values is coherent with the model. One can note a small
Bohr radius for the shallow donor. In GaN, the Bohr radius for Si is
calculated to be 28 Å.22 The much smaller value obtained from the
calculation can be ascribed to the quantum confinement effect. The
lowering of the Bohr radius in the QW and its surroundings is well
documented and theoretically explained.29,30 In short, the electron
bound to a donor in InGaN QW feels the extra confinement potential
caused by GaN barriers preventing the electron movement in growth
direction. The quantum confinement is also probably responsible for
efficient DAP recombination at room temperature because it
increases the activation energy of the donor ensuring the process

is not thermally quenched or replaced by electron-acceptor (e-A)
recombination mechanism.

We should mention that the Bohr radius lowering is probably not
only one-dimensional in the growth direction, but the Bohr radius
might also be reduced in the lateral dimension. This would be caused
by local potential fluctuations on the nm scale in InGaN alloy which
are present because of the random In concentration fluctuations and
well width fluctuations.31–33

Time-resolved measurements clearly show that Zn impurity
elimination is necessary for applications requiring the ns resolution.
On the other hand, a very efficient luminescence of ZnB at low
excitation intensities (Fig. 6b) might benefit the Zn doping of InGaN
layers in applications requiring a high light-yield and moderate time-
resolution.

Conclusions

In summary, we examined the kinetics of the Zn impurity band in
InGaN/GaN heterostructures. The important characteristics of the
ZnB are the large shifts of ZnB caused by DAP recombination
between Si and Zn donors in InGaN/GaN quantum heterostructures
in time-resolved and excitation-intensity dependent PL spectra. A
model based on DAP theory has been applied and provided
explanation for the experimental data well. A smaller Bohr radius
for the donor was found compared to the pure GaN material which
implicates the quantum confinement effect playing a role in the
recombination process. Higher donor binding energy make from the
DAP recombination the dominant mechanism over e-A mechanism
even at room temperature in InGaN:Zn(Si). The ZnB luminescence

Figure 9. Energy shifts from time-resolved photoluminescence for the samples (a) P1, (b) P2, (c) P3 and the calculated profiles using Eq. 6. The parameters of
the calculation are given in the picture.

Table II. Calculation parameters for samples P1, P2 and P3.

Sample αB (Å) W0 (10
5 s−1) E0 (eV)

P1 15.0 50 2.39
P2 10.8 54 2.37
P3 13.0 70 2.40

ECS Journal of Solid State Science and Technology, 2023 12 066004



is slow and therefore, detrimental for applications like TOF-PET
requiring fast luminescence decay.
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