Carrier dynamics of In,Ga;_,N quantum disks embedded in GaN nanocolumns
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I. INTRODUCTION

[TI-Nitride semiconductor-based structures are enjoying success in optoelectronic device
applications, due largely to the wide direct band gap exhibited by GaN, enabling efficient
high energy emission!2. The ability to incorporate either indium or aluminium, during
growth, to form ternary/quaternary compounds enables the construction of crystals with a
wide range of band gap energies and hence emission wavelengths?. When in the Wurtzite
crystal structure (space group P6smc) these structures will be at the mercy of an inbuilt
electric field that has components due to both a spontaneous polarisation and a strain
induced piezoelectric field (P63mc is a non-centrosymmetric group). In nanostructures the
effect of these fields (which have a combined magnitude? 7 of order MVem™ ) is to redshift
the energy spectrum, and increase the emission lifetime by the quantum confined Stark effect
(QCSE).

It has been reported that ITI-Nitride nanocolumns may be a solution to this problem due
to their larger surface/volume ratio and inherent strain relaxation®?, which can lead to a
suppressed internal field!®. However, any quantum well (QW) which is grown as part of a
nanocolumn to form a quantum disk (QDisk) will indeed be under strain due to a lattice
mismatch. Furthermore, the strain profile has been shown to be inhomogeneous in the plane
of the well due to a relaxation process at the QDisk edges*12. The inhomogeneity in strain
can result in a lateral inhomogeneous distribution of charge carriers in the QDisk owing
to band bending by deformation potentials and an inhomogeneous polarization field. In
this communication we investigate, through experimental results, the distribution of charge
in In,Ga;_,N (x ~ 0.1) QDisks grown on GaN nanocolumns. We begin by describing the
sample structure (section[[I), and then present a calculation showing a strain distribution for
a typical, low indium content, QDisk (section [IIl). In sections [Vl and [Vl we characterise the
samples using cathodoluminescence (CL) and microphotoluminescence (uPL) spectroscopic

techniques and comment on the implications for the distribution of carriers in the QDisks.

II. SAMPLE STRUCTURE AND PREPARATION

The GaN columns used in this investigation were grown under nitrogen rich conditions

by RF-plasma assisted molecular beam epitaxy (PAMBE) on Si (111) substrates'® 5. Two
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growth regimes are apparent in the samples; a compact region resulting from the coalescence
of low aspect ratio columns, and the nanocolumns themselves. The columns are typically
~ 140 nm in diameter and about 2 ym to 4 um in length, with a density of ~ 1 x 10% cm™2.
2.5 nm thick In,Ga;_,N quantum well layers with a nominal mole fraction of 0.1 were grown
on top of the columns to form quantum disks (QDisks). These disks were then capped with
~ 3nm of GaN. The well thickness and indium mole fraction were estimated by interpola-
tion of a high resolution x-ray diffraction pattern measured from an InGaN epilayer grown
under the same conditions. The QDisks provide both a strong carrier confinement in the
growth direction and a degree of lateral confinement due to the limited diameter of the
columns/disks. The disks were grown at reduced temperature (700°C as opposed to 900°C
for the nanocolumn growth), to facilitate the incorporation of indium.

The sample investigated during this study had a single QDisk grown on the columns. The
average column diameter, measured at the widest point, was found to be 140 nm. Electron
microscope images of the columns, and a histogram detailing the size distribution, can be

found in figure [

Nanocolum iameter (nm)

FIG. 1. Electron microscope images of the sample under investigation. a) SEM micrograph of the
as-grown GaN nanocolumns. b) Plan view SEM micrograph showing the columns and compact
regions. ¢) SEM micrograph showing the cross section of a single hexagonal GaN nanocolumn. d)

Histogram detailing the size distribution of the nanocolumns.

In this communication we present results from a sample with a single QDisk only, although

we note that we have measured similar results in other samples with 2 and 5 QDisk stacks.
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III. STRAIN CALCULATIONS AND CARRIER DISTRIBUTION
CONSIDERATIONS

The strain distribution for a 2.5 nm thick Ing1GagoN QDisk of diameter 140 nm in a GaN
nanocolumn has been calculated using the nextnano® device simulator. The za component
of the strain tensor € and also the hydrostatic strain (= €,, + €, + €,.) in the zz plane (z is
the growth direction) are presented through a cross section of the column/disk, along with a
bright field TEM micrograph of a single column, in figure 2l The distribution of hydrostatic
strain is found to resemble that observed in the TEM image, and the distribution of €.,
calculated here (c) compares well with those published for similar structures'?, albeit with
reduced magnitude owing to the lower indium content of the QDisk in this investigation.
The QDisk is predominantly under compressive strain in the xy-plane and under tensile
strain along the z (growth) axis. €., varies by nearly 2 orders of magnitude from from
—1.1% at the centre of the disk to an almost completely relaxed value of —0.05% at the
edge. We note that the column is wider at the tip. This could be due to either a strain
relaxation process which results in a deformation of the column tip, or an increase in lateral
growth rate during the InGaN growth. During the simulation, however, the side walls of the

nanocolumn/QDisk were kept at a constant diameter of 140 nm.

The inhomogeneity in strain distribution leads to a non uniform piezoelectric field across
the diameter of the disk and also a bending of both the conduction and valence bands due to
deformation. These two processes can result in a non-trivial band profile in the zy-plane and
it has been suggested that this may result in lateral carrier separation within the QDisk®11:16,
The exact location of the confinement for electrons and holes depends on the geometry of
the QDisk and surrounding material, as well as on the potential depth of the disk relative
to the surrounding material. Fermi pinning can also play a role in creating accumulation or
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depletion layers at the surface!”18. These effects will be discussed further in section [Vl

IV. DETERMINATION OF THE NANOCOLUMN/QDISK
LUMINESCENCE SPECTRUM

In figure Bl a) we present a cathodoluminescence (CL) emission spectrum of an ensemble

of nanocolumns. The spectrum was acquired at 90 K with an accelerating voltage of 10kV.
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FIG. 2. a) A TEM image of the tip of a single GaN nanocolumn. b) A simulation of the distribution

of hydrostatic strain in a cross section through the column. c) The strain distribution (e,) in the

region of the QDisk.

The luminescence was recorded by a MonoCL4 system with a 2400 Imm ™! diffraction grating.
uPL spectra recorded at 4.2K and 90K are presented for comparison (see section [V] for
details of the pu-PL setup).

Three main emissions are present in both the CL and PL spectra. The emission at ~
3.47 eV is attributed to the 12 emission from the GaN nanocolumn, and the broad emission in
the region 3.40eV - 3.44 eV is typically attributed to carrier recombination at basal stacking
faults (BSFs); the I1 transition?. The emission at ~ 3.34eV is highly focus dependent and
is attributed to the emission from the In,Ga;_,N QDisk at the tips of the columns.

The elevated temperature CL and pPL spectra show a much broader emission than the
low temperature puPL spectra. This is most likely due to the increased thermal energy of the
carriers injected /excited into the structures. The CL spectrum was recorded by scanning the
electron beam across, and integrating the luminescence from, a 5.5 um? area of the sample.

The pPL spectra were recorded from an area of 0.8 um? corresponding to the laser spot size.
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FIG. 3. CL emission spectrum from an ensemble of QDisk containing nanocolumns recorded at
90 K with an accelerating voltage of 10kV (black). uPL spectra from the same sample recorded at
4.2K (red) and 90K (blue) are show for comparison.

The 90 K uPL spectra was recorded with a much increased excitation power, as the intensity
of the emission is found to decrease for temperatures greater than 20 K, as shown in section
V1

The spatial origin of the luminescence was verified by scanning the electron beam across
the sample surface on a clump of felled nanocolumns. The results presented in figure [l
consist of 3 images showing the emission from the GaN (red), defect (blue) and QDisk (green)
superimposed on a secondary electron SEM micrograph of the region under investigation.

The accelerating voltage used during the acquisition of these images was 5kV.

FIG. 4. The emission from the GaN (red), defect (blue) and QDisk (green) superimposed on a
SEM micrograph of the felled nanocolumns. In contrast to the GaN and defect emission, the QDisk

emission is highly spatially localised, and originates near the tips of the columns.



It is immediately apparent that both the GaN and defect emissions originate from the
body of the columns, whereas the InGaN QDisk emission is more spatially localised, and
comes from the region near the tips of the columns. It is also observed that the bases of the
columns appear to be optically inactive, perhaps due to damage incurred during the felling

process.

V. u-PL EXPERIMENTS ON AS-GROWN COLUMNS

Time-integrated microphotoluminescence studies were performed on the nanocolumns us-
ing a frequency tripled Ti:Al;O3 laser at 266 nm (120 fs pulses at 80 MHz). The samples were
mounted in a continuous flow helium cryostat (Janis ST-500) with an attached temperature
controller (Lakeshore 331) such that the temperature could be measured and controlled ac-
curately. The laser was focussed on the as grown-columns to a spot size of 0.8 um? by a 36x
reflecting objective (Ealing EA-25-0522-000), this spot size corresponding to simultaneous
excitation of approximately 8 nanocolumns. PL was collected by the same objective and dis-
persed by a 1200 Imm ™! reflecting grating before being measured on a Peltier-cooled silicon
charged coupled device (CCD). The spectrometer (Andor Technology Shamrock SR-303i)
has a spectral resolution of ~ 0.1nm. For time-resolved studies, the PL was directed through
a b0 pm slit (giving a spectral resolution of ~ 0.2nm) to a photomultiplier tube (PMT) with
a temporal resolution of 130 ps. A commercial time correlated single photon counting PC

card (Becker & Hickl SPS630) was used to measure the emission lifetimes.

A. Temperature dependent time-resolved ;-PL studies and the subsequent

implications for the carrier distribution in the QDisk

Typical time-resolved and time-integrated emission spectra at temperatures from 4 K to
70 K (excitation power density = 4.1 kWem™2) from a single QDisk in a nanocolumn (isolated
spectrally) are presented in figure [fl The emission decay at 4.2 K in the figure Bl b) inset is
observed to have a monoexponential profile with a lifetime of ~ 7ns. As the temperature is
increased above 20 K the decay becomes non-exponential and the characteristic decay time
(measured as the time taken for the intensity to reach 1/2 of its peak value) is found to

decrease with increasing temperature. This coincides with the decrease in emission intensity
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of the QDisk emission for temperatures greater than 20 K. This effect is most probably due
to non-radiative decay routes opening up at higher temperatures. We note that there is no
apparent blue shift (S-curve) of the emission with increasing temperature, indicating that
there is not a large degree of carrier localisation due to indium content fluctuations in the
disk. Indeed, low indium content QWs are usually observed to have lower indium content
variation, and analysis of the peak indicates that the indium mole fraction, x, in this case
is ~ 0.07. We therefore put an upper limit on the energy state variations due to indium
fluctuations as half of the peak FWHM: ~ 4 meV. We do note, however, that fluctuations in
the well width across the diameter of the disk may result in a deeper confinement (of order

50meV) that we couldn’t hope to observe in the temperature range probed here.
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FIG. 5. a) Time-integrated spectra from the as-grown nanocolumns at temperatures from 4K to

70 K. b) Time-resolved studies showing a sudden decrease in lifetime for temperatures 7' > 20 K.

As well as providing information on the uniformity of the indium content in the QDisk,
this data provides an immediate insight on the nature of the carrier distribution in the
QDisk. The low temperature emission occurs with a lifetime of 7ns, which is comparable
to the values of 1 — 10ns published by Graham et alt? and Thrush et al2? for planar
InGaN QWs of thickness 2.5 — 2.7nm and mole fraction 0.05 — 0.12. In this regard, the

QDisks act somewhat like planar QWs, as any further, lateral, separation of electron and



hole wavefunctions induced by strain relaxation at the disk edge would most probably result
in much longer lifetimes than those measured. Indeed, several studies have experimentally
verified that in the InGaN/GaN system, allowing the carrier wavefunctions to be further
separated along the c-axis by varying the QW thickness results in a drastic increase of the
emission lifetime: Chichibu et al.2* showed that for Ing;GagoN MQWs the emission lifetime
increases by an order of magnitude as the well thickness is varied from 1.2nm to 5nm. Ryu

122 similarly showed that Ing,5GagssN MQWs exhibit an order of magnitude increase

et a
in lifetime as the QW thickness is increased from 1nm to 4nm. A more extreme case
was demonstrated by Zhang et al.22 during their investigations on Ingi19Gagg N MQWs,
when they measured a lifetime increase from 5.8ns to 454 ns as the QW thickness was
increased from 2.2 nm to 4.4 nm. In these referenced studies on planar QWs, there is still the
possibility that the carriers are indeed somewhat laterally separated by a few nanometers due
to individual confinement of electrons and holes at spatially distinct indium fluctuations24:25.
The experimental evidence presented here, however, leads us to believe that the transition
we observe is not due to the recombination of carriers which are further laterally separated
due to the inhomogeneous strain distribution in the disk; a separation which, in the most

extreme case, would be ~ 70 nm.

Bocklin et al® calculated that for a (relatively high indium content) Ing4GaggN/GaN
QDisk system, the electrons may be confined at the periphery of the disk, and the holes at
the disk centre. This is in contrast to the situation in GaN/AlGaN QDisk systems where,

[ it is the electrons that are to be found at

according to the calculations of Riviera et a
the centre of the disk, and the holes at the edges. It should also be noted that the effects
of Fermi level pinning at the free surface of the disk have been ignored in models of the two
cases outlined above. The pinning potential ¢ can be of order 300meV for Ing;GagoN*&
and will result in a surface depletion layer. The size of ¢ is of the same order of the electron

126 Tt follows that it is quite

confinement at the QDisk edge calculated by Bocklin et a
plausible that, in the special case of low indium content InGaN QDisks, the three effects in
the conduction band (deformation leading to confinement at the edge, and both polarization
fields and Fermi pinning which lead to confinement at the disk centre) can sum to reveal a
conduction band that doesn’t strongly confine electrons in any one lateral position in the

QDisk. Holes, on the other hand, may still be strongly localised, as the deformation of the

valence band due to the inhomogeneous strain distribution is not as severe. This situation



could lead to a reasonable wavefunction overlap and result in decay lifetimes not to dissimilar

to those from planar QWs.

B. Low temperature p-photoluminescence studies: The quantum confined

Stark effect

PL spectra from a different nanocolumn at 4 K as a function of excitation power density
are presented in figure Ba. The QDisk emission is observed near 3.325eV at an excitation
power of 3.82kWem™2. With increasing excitation power the QDisk emission shifts to
higher energy, before saturating at ~ 3.340 eV. The emission energy is plotted as a function
of excitation power density in the figure inset. The integrated peak intensities of the QDisk
emission and GaN emission are presented as a function of excitation power in figure [Bb.
The excitonic emission from the GaN is measured to increase almost linearly whereas the
QDisk emission increases as the square of the excitation power. The quadratic nature of

this increase indicates that the recombination in the QDisk is mainly due to free carriers.2
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FIG. 6. a) InGaN QDisk emission as a function of excitation power. The inset shows the QDisk
emission peak position with increasing excitation. The fit to the curve is quadratic, and has been

used to estimate the indium mole fraction. b) A log-log plot of QDisk and GaN emission intensities.

Time-resolved p-PL data is presented in figure [ The low excitation power decay in
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figure [7h is the characteristic mono-exponential decay from the QDisk?’. As the emission is
broader at higher excitation power, it is possible to measure the time resolved characteristics
of the emission as a function of energy. Two such decays are presented in figure [lb. The
decay from the high energy side of the emission is nonexponential, and has an initial rapid
decay of 390 ps, before dynamically reverting to a longer decay time. The lower energy side

of the emission shows a slightly delayed 3.5 ns monoexponential decay.

a) 3.82kWcm™ excitation power b) 12.73kWcm” excitation power
T T T T T T T T T T T T T T T

——3.343eV/| ]
——3.327eV|

PL Intensity (arb. units)

Time (ns) Time (ns)

FIG. 7. a) low excitation power (3.82kWcm~2), and b) high excitation power (12.73kWecm™—?2)
emission spectra from the nanocolumn as a function of time. Under high excitation power the QDisk
emission peak is observed to dynamically return to that which is observed in the low excitation

power regime.

TRPL traces at 12.73kWem ™2 were measured at wavelength steps of 0.25nm across the
emission peak, and collated into a map showing the luminescence intensity as a function of
both emission energy and time (see figure[]). It is clear that the emission dynamically shifts
back to that what is observed in the low excitation power regime.

The Blue shift of the QDisk emission with increasing excitation has been observed before,
and can be attributed to either fluctuations in the indium content in the QDisk?®, or to charge
screening and the quantum confined Stark effectt®223% The multi-exponential decay at high
excitation power, however, is a characteristic feature of a screening of the internal field®. In
this case, we also note that the measured effect occurs at the same excitation power density

range measured by Koukstis et al.2®, when they observed the screening of an internal field in
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FIG. 8. The luminescence intensity as a function of emission energy and time at an excitation

power of 12.73kWem™2. The emission energy is observed to shift during the process of the decay.

an Ing 15Gag gsN quantum well (at excitation power densities almost two orders of magnitude
lower than would be expected for the filling of localized states). Furthermore, as explained
above, no measurable blue-shift is observed in QDisk emission with increasing temperature
(see figure[d]) such that the mazimum blue shift expected from the filling of these states in this
case is 4meV, 3x smaller than that measured. These observations lead to the conclusion
that the effect measured here is mainly due a charge screening process, and that indium
content fluctuations play only a minor role, if at all, in the emission shift measured in this
case. Local photo-induced heating of the sample is ruled out as a mechanism for the peak
energy shift, as the GaN emission is observed at a constant energy for all excitation power

densities.

The field screening process is explained as follows: At low excitation powers the carriers
in the well are acted on by the internal field such that electrons and holes find themselves
at opposite sides of the well. This quantum confined Stark effect results in a lifetime of
3.5ns, and a lower emission energy. At high excitation powers, however, the large number
of carriers at the sides of the well generate their own field to screen the centre of the well
from the effects of the internal field. The resulting increased wavefunction overlap leads to
a rapid decay (in this case 390 ps) which is an order of magnitude faster than that measured
at low excitation powers. This fast emission is at higher energy due to the reduced effect of

the internal electric field. As carriers recombine in the disk, the size of the screening field
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decreases, and the wavefunction overlap reduces, leading to a dynamic change in both the

decay lifetime and the decay energy.

It should be noted, however, that the FWHM of the emission is observed to increase
with excitation power, whereas for a screening of the internal field, and hence a reduction
in the QCSE we would expect to see a reduction in FWHM with increasing power. The
broadening observed here is due to the fact that each spectrum is integrated over a period
of 1 second, such that it includes all emission from the energy shift during the process of the
decay. FWHM broadening has also been measured by Hou and Tu3? when they observed
field screening in InAsP/InP QWs. It was argued that the broadening is due to interactions

between the hot photo-excited carriers, which cannot be ruled out in this case.

The discrepancy can be somewhat alleviated by closer inspection of the data in figure[8. It
is possible to probe the time evolution of the emission by recreating the spectrum at various
times during the decay (see figure [@). We observe the expected QCSE broadening with
increasing time as the screening effect is reduced and the peak is shifted by the increasingly

unscreened internal field.
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FIG. 9. The decay spectrum at different times (recreated from the data in figure[§]). The emission

peak broadens as it shifts to lower energy due to the QCSE from the internal field.
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C. Further evidence for the QCSE in In,Ga;_,N QDisks

In addition to the data presented above, a study was carried out on several columns
containing single QDisks. The low excitation power emission was recorded and the lifetime
measured by pu-PL. The data is presented in figures[I0(a) and (b). It was found that QDisks
emitting at lower energy tend to have longer lifetimes. This can be simply explained by
the fact that lower energy emitting QDisks are likely to be slightly thicker, or have a larger

indium mole fraction and thus be under more strain. This increased strain would lead to

a larger internal electric field which will reduce carrier overlap and enhance the emission

lifetime.
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FIG. 10. a) A selection of spectra showing QDisk emissions, labelled with their low power excitation
lifetimes. b) a selection of decay traces, showing the monoexponential decay nature of the emission.

c¢) Emission lifetime against the linear gradient of the shift.

Under the influence of the internal electric field, the free carriers move to the top and
bottom surfaces of the disk and create a field F' which acts to screen the internal field and
shift the emission to the blue. The charges at these surfaces will act like a parallel plate
capacitor in that the size of the generated field F' is proportional to the surface charge
density and therefore to the excitation power density. The extent of the shift in emission

with increasing excitation power can thus be linked to the dipole moment in the QDisk. The
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energy shift under an external electric field F' can be modelled3? as
AE = uF + aF?, (1)

where 1 and « are the projections of the dipole moment, and polarizability onto the
direction of F'. AFE is the energy shift caused by the field F'.

With this simple model we can estimate the relative projection of the dipole moment
along the growth axis for the carriers in the disk by measuring the gradient of the energy
shift with increasing excitation power (see figure [[0k). We assume that each disk has the
same photon absorption probability, and that all disks have the same diameter. It is found
that QDisks emitting at lower energies exhibit larger dipole moments. This is what should
be expected, as the larger internal fields in the low energy emitting disks should act to give
a larger separation of carrier wavefunctions. Indeed, these low energy emitting disks are also

the disks with longer lifetimes.

D. Defect emission

In this section we turn our attention to the emission band at 3.40—3.43 eV, which has been
rigorously characterised by Calleja et al.? and has been shown to originate from structural
defects in the columns. Our analysis is presented here for completeness and as a comparison
to the data presented above, and that in the literature.

Upon close inspection of the defect emission in figure B, which is now magnified in figure
[[Th, we observe that the emission consists of multiple narrow peaks. It is found that the
minimum width measured from these peaks is 2meV, and that the relative visibility and
peak position vary across the sample, and indeed from sample to sample. The observation
of this structure is in agreement with the measurements of Fischer et al2* who, during their
investigation into wurtzite GaN films, observed the emergence of a structure in the emission
at 3.41eV. The structure appears to be more complex in this case however, owing possibly
to the measurement technique (uPL as opposed to PL) or perhaps to varying degrees of
strain relaxation in neighbouring columns of differing diameter.

A log plot of defect emission spectra with increasing excitation power (The same spectra
first presented in figure [[(a)) can be found in figure [I(b). In this case the structure of the

emission is not as apparent, and a small shift to higher energy (~ 3meV) is observed as the
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FIG. 11. a) The emission in the region of 3.4 eV to 3.43 eV measured at 4.2 K and with an excitation
power of 4.1kWem™2. A structure in the emission is clearly visible. b) Log plot of the emission
intensity with excitation power from another part of the same sample where the structure is less

apparent. A blue shift of the emission with increasing excitation is observed.

excitation power is increased by an order of magnitude from 3.82 to 25.46 kWem 2. Calle
et al. measured a similar (~ 5meV) blue shift for a factor 15 increase in excitation power?
and attributed it to the saturation of donor-acceptor pairs (DAP). It could be that some of
the structure in the broad emission is due structural defects in the column body, and part

due to DAP recombination.

Excitation power = 12.73kWcm”
GaN emission (3.475eV)
Defect emission (3.417eV)

430ps

>

(resolution limited)

1 f\ 1 R [IAAM/\. 1 ‘

0 1 2 3 4 5
Time (ns)

PL Intensity (arb. units)

FIG. 12. Normalised time-resolved decays from the GalN emission at 3.475eV and the defect

emission at 3.417 eV measured with an excitation power of 12.73kWem 2.
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A time-resolved decay trace from the defect emission (and also the GaN emission, for
comparison) at an excitation power of 12.73kWcem™2 is presented in figure The decay
is non exponential, though has a characteristic decay time of 450 ps, in agreement with
the study of Calleja etal.?. Finally (in figure [[3)) we present a spectrally and time-resolved
map of the emission, akin to that of the QDisk emission presented in figure [l Within the
resolution limit of the setup, the defect emission is observed at constant energy during the

decay, in contrast to the shifting decay energy of the QDisk emission.

3500
4
: B..
= 7 2800
2 'S 2450
> 3.41 3
= 2 2100
\q—, S
c 1400
2 3.42 <
o £ 1050
E 700
3.43 350
0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (ns)

-
[=2]

FIG. 13. The luminescence intensity as a function of emission energy and time at an excitation
power of 12.73kWcem™2. In contrast to the InGaN QDisk emission, the defect emission does not

dynamically shift with time.

VI. SUMMARY

We have carried out pPL investigations on GaN nanocolumns containing low indium
content In,Ga;_,N (x ~ 0.07) QDisks. The radiative lifetime of the emission at 4 K indicates
that there is no lateral charge separation in the QDisks on length scales comparable to the
disk radius. It still remains a possibility that carriers are somewhat laterally separated on
length scales of a few nm due to localisation at individual localisation centres within the
QDisk. The internal electric field results in a separation of carriers in the growth direction.
Screening of the internal field has also been observed, characterised by a non-exponential

decay, and a lifetime reduction with increasing excitation power.
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