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We report the study of the fast rise time and decay time in the ps time scale of the excitonic luminescence of a
multiple quantum well (MQW) heterostructure of InGaN/GaN, including the excitation density effect. These
structures were proposed as ultrafast scintillators for soft X-ray detectors and particle beam diagnostics.
Measurements were carried out with a Hadland Imacon 500 streak camera following excitation of the sample by
laser pulses of few tens of pJ at 266 nm and 400 nm, with pulse duration less than 200 fs. The rise time of the

detected MWQ luminescence was less than 10 ps, with a possible contribution from the detection system and
signal collection geometry. The calibration and the signal processing techniques employed to fully exploit the
time resolution of the detection system are also described.

1. Introduction

Inorganic scintillators have many applications in various fields as
medical imaging, homeland security, high-tech industry and high en-
ergy and nuclear physics [1,2]. In particular, strong interest is moti-
vated by the possibility to achieve a high spatial resolution in positron
emission tomography (PET) imaging in medicine [3,4] and in electro-
magnetic calorimetry which are a part of huge detectors installed at
high energy physics accelerators detecting particle and photon tracks
after beam collisions. In both cases, the so-called time-of-flight (TOF)
techniques are used [5] where a key role is played by the timing co-
incidence resolution parameter that, in today's commercial PET ma-
chines, is of the order of 500 ps. Achieving the 10 ps milestone in timing
coincidence resolution would allow avoiding reconstruction algorithms
in data processing in TOF-PET and increasing the sensitivity by at least
one order of magnitude [4,6]. For this application, it is particularly
important the rise time of the luminescence signal, following the arrival
of the excitation photon, as this eventually determines the limit in the
coincidence time resolution. Short decay time of the luminescence is

also relevant to squeeze the generated luminescence photons in a short
time window. Despite the importance for applications, until now only
few studies addressed the analysis of the scintillation dynamics with
sub-10 ps time resolution (see for instance [7,8]). In order to gain access
to luminescence rise and decay dynamics in the sub-10 ps time scale,
detection schemes typically employ a streak camera.

Scintillators suitable for such a goal must show not only high light
yield, but also very fast scintillation response in the time scale of several
nanoseconds - few tens of nanoseconds, and with a negligible risetime
[6]. The so-called free Wannier exciton emission in wide direct-gap
semiconductors could offer such characteristics [9,10], but due to its
inevitable small Stokes shift, it is impossible to exploit it in bulk scin-
tillation elements as all the scintillation emission would be re-absorbed
[11] These materials are usually studied in nanocrystalline powder,
thin film or nano-composite forms [12]. In the latter case the aim is to
provide a transparent bulk optical element with the desired scintillation
characteristics which are defined by fine nanocrystallite scintillator
phase, homogeneously dispersed in the volume of the host.

Further enhancement of the desirable properties of Wannier exciton
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can be achieved due to so called quantum size effect. This effect results
in an enhanced stability and accelerated decay of the exciton state
when the exciton motion is confined in one, two or three dimension, in
so-called quantum wells, wires and dots, respectively. One of the first
examples of 1D (quantum well) confined structure featuring large light
output and fast scintillation response was presented by K. Shibuya et al.
[13] employing lead-halide-based perovskite-type layers made of
[PbX4]% (X = Br, 1), sandwiched between two insulating layers of al-
kylammonium, resulting in a fast decay time of 390 ps and a risetime in
the scale of tens of ps, under excitation of 20 ps electron pulses.

From a practical point of view an interesting option is offered by
epitaxial technologies where multiple quantum well (MQW) structures
of alternating GaN and InGaN layers, each one a few nanometers thick,
are prepared on Al,O5; substrates with the lateral dimensions up to
several inches. Excitonic emission occurs in InGaN layers in the spectral
range 400-450 nm and can achieve subnanosecond photoluminescence
decay times [14]. Time-resolved luminescence of these MQW structures
was also investigated in [15-17]. Such a nanostructure was found to be
an interesting candidate for fast scintillation detector of soft X-ray or
low energy particles [18]. Nonetheless, the ultimate quantitative rise
time characteristics of luminescence decay in these materials have
never been determined so far. In this context, we focus here on the rise
time measurements and excitation density effect of a InGaN/GaN MQW
scintillator, investigated by means of femtosecond laser excitation and
streak camera detection. The appropriate convolution procedures in the
data handling have been used to obtain their correct quantitative eva-
luation.

2. Sample description and preparation

Structure with InGaN/GaN MQWs (see Fig. 1) used in our experi-
ment have been prepared by an Aixtron 3 X 2 CCS MOVPE system
equipped with a Laytec EpiCurve TT apparatus for in situ measurement
of reflectivity. The structure contains 6 groups of 5 InGaN QWs in the
active region. The In content in In,Ga; ,N QWs is x = 0.07 * 0.02,
with QW thicknesses 1.4 + 0.2nm and GaN barrier thicknesses
5.7 = 0.2nm. Thickness was estimated from the simulation of X-ray
diffraction data and the In concentration was estimated from SIMS re-
sults. Each group of five QWs was followed by a 25 nm thick GaN se-
paration layer with the purpose of decreasing the strain energy in the
active region and also to increase the thickness of the scintillator active
region.

Trimethylgallium (TMGa) and NH; were used as precursors with a
hydrogen carrier gas for the growth of buffer layers. Triethylgallium
(TEGa), trimethylindium (TMIn), and ammonia with a nitrogen carrier
gas were used for the growth of the InGaN QWs and barriers. Structures

6x5InGaN/GaN MQW
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Fig. 1. Schematics of the InGaN/GaN MQW structure used in the experiments.
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Fig. 2. Transmission spectrum at room temperature of the sample under test.

were grown on sapphire substrates with c-plane orientation. More de-
tails about the structure preparation can be found in [18].

The transmission spectrum of the sample used in the experiments is
shown in Fig. 2. From this spectrum it can be seen that it is possible to
excite selectively the InGaN quantum wells in the band ~ 380-420 nm,
whereas an excitation below 350 nm will also affect the GaN in the
barriers between the InGaN layers and in the separation layers between
of the individual MQWs groups. The oscillating behavior in the trans-
mission for wavelengths longer than 400 nm is due to etalon effects
between the surfaces of the sample.

3. Experimental set-up and data processing
3.1. Experimental set-up

Experiments were carried out at the Intense Irradiation Laser
Laboratory (ILIL) of the CNR-INO, in Pisa (Italy) (http://research.ino.
it/Groups/ilil/it/about_it/). The sample is excited by laser pulses at
about 266 nm and 400 nm obtained as the 3rd and 2nd harmonics re-
spectively, of a Ti:Sapphire amplified laser system, delivering pulses
with a duration of 80 fs at 800 nm [19]. After the conversion to the 2nd
and 3rd harmonics the pulse duration is less than 200 fs for both wa-
velengths. The incident energy is of a few tens of wJ, with a spot size on
the target of about 2 mm in radius. The experimental set-up is depicted
in Fig. 3. The detection is carried out with a Hadland Imacon 500 streak
camera (spectral response from 300 nm to 650 nm, peaked at about
450 nm), fitted with an image intensifier. The streak image is acquired
by a cooled Electron Multiplying CCD camera (Andor LUCA,
1002 x 1004 pixels). The streak camera is triggered by a signal derived
from the laser pulse; an adjustable delay box allows for the fine tuning
of the trigger delay. The streak camera has various scan speeds, from
11.1 ps/mm to 356 ps/mm, corresponding to different values of time
resolution and time acquisition window. The sample is illuminated by

From laser system
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Fig. 3. Schematics of the experimental set-up (not in scale).
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the laser pulse with an angle of incidence of about 16° with respect to
the optical axis of the collecting optics. The sample surface is placed
approximately perpendicular to the optical axis of the collecting optics,
with the MQW structure facing the incident beam; the other side (Al,O3
substrate) is translucent. The fluorescence of the sample is imaged on
the streak camera slit by the lenses L, L,. matching the entrance f/# of
the streak camera. The spectral band of interest is selected by a suitable
filter placed between the two lenses. An iris between the two lenses is
used to adjust the signal intensity reaching the streak camera.

The emission spectra of the sample were collected at the input of the
streak camera using a fiber coupled spectrometer (Ocean Optics).

Careful calibration procedures are needed in all the experiments
performed with streak camera systems. Attention must be paid to avoid
the saturation of both the photocatode of the streak tube, and of the
image intensifier, which can lead to severe distortions in the acquired
signal.

The intensity response of the streak camera was calibrated to
compensate spatial non-uniformities in the photocathode for the streak
tube and in the intensifier luminosity. This calibration was carried out
by acquiring the decay traces of fluorophores having a decay time of
some hundreds of ns, which provide a signal which is temporally uni-
form (within few %) over a time interval of few ns. The scan speed in
the different time scales was calibrated by analyzing the signals ob-
tained from laser pulse pairs with known temporal separation, obtained
by reflection on both surfaces of different glass plates with known
thicknesses.

The streak traces were acquired on a shot by shot basis. After ac-
quisition the individual traces were processed with the following steps:

— The intensity was corrected using the previously acquired intensity
calibration traces, to compensate for spatial non-uniformities in the
photocatode for the streak tube and in the intensifier luminosity;

— The time scale was re-sampled at uniform time intervals, using the
previously acquired position vs. time calibration curves;

— The traces obtained from different shots (usually 10) were finally
synchronized and co-averaged, using the rise front as time marker.

This procedure resulted in a high signal to noise ratio, still not
compromising the temporal resolution of the acquisition system.
Conversely, a direct averaging of multiple shots would result in a de-
gradation of the temporal resolution of the system, due to the residual
jitter between the scan trigger signal and the laser pulse.

The time resolution of the acquisition system has been determined
as the FWHM of the response after the excitation with a 200 fs duration
laser pulse at 400 nm, and using the same processing protocol adopted
for the measurements on the samples. As the laser pulse is much shorter
than the time response of the system, these measurements provide the
Impulse Response Function (IRF) of the system. In particular we ob-
tained a IRF FWHM of 81.8 ps at the lowest scan speed (356 ps/mm)
and of 10.2 ps at the fastest scan speed (29.5 ps/mm). Fig. 4 shows the
response of the system under excitation with the laser pulses at 400 nm
at the different scan speeds, as obtained after the synchronization and
co-averaging procedure described above.

The decay curves were finally approximated by a sum of ex-
ponential functions convoluted with the appropriate instrumental re-
sponse using the software package SpectraSolve (Ametek).

4. Experimental results
4.1. Emission spectra

The emission spectrum of MQW sample described in Section 2,
under excitation at 266 nm, is reported in Fig. 5 below. Even though the
UV laser emission is cut off by the glass of the collection optics, a
bandpass filter (Filter #1, Oriel 5-58, peak wavelength 430 nm,
bandwidth 30nm FWHM) was used to avoid possible spectral
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Fig. 4. IRF to the laser pulses at 400 nm at the scan speeds used in the mea-
surements. The traces are normalized to their peak value.
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Fig. 5. Excitonic emission of the MQW quantum well structure under 266 nm
(with and without the interferential Filter #1) and 400 nm excitation (after the
Filter #2 used to reject the excitation radiation). All the plots were rescaled to
their peak value. The Filters #1 and #2 are described in the text.

contamination on the signal (such as residual laser 2nd harmonic). A
single emission band peaked at 437 nm was observed. We observe that
no further band in the yellow region of the spectrum (which was re-
ported in [18,20]) was detected.

When exciting at 400nm a different bandpass filter (Filter #2,
Andover 450FS20-50 peaked at 450 nm, bandwidth 20 nm) was used
because the laser was partially superimposed to the emission band. This
allowed to collect the MQW exciton emission tail at longer wave-
lengths.

4.2. Luminescence decay

The temporal dependence of the emission was acquired under ex-
citation at 266 nm and 400 nm. At 266 nm two excitation conditions
were used, i.e. lower incident pulse energy (16 wJ, corresponding to
approximately 0.4 mJ/cm? of average excitation fluence) and a higher
one (29 J, i.e. 0.7 mJ/cm?). The emission signal was filtered using the
Filter #1 (see above). Under excitation at 400 nm the decay behavior
was acquired with an incident energy of 30 puJ (about 0.7 mJ/cm? of
fluence), using the Filter #2 to select the detection spectral band.

For each excitation, the luminescence signal was acquired with two
different settings of the streak camera: the fastest available scan speed,
capable to achieve the highest time resolution (i.e. 10.2ps of IRF
FWHM) over a short time window (about 700 ps), and a slower scan
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Fig. 6. Luminescence decay with high temporal resolution (nominal scan speed 29.5 ps/mm) and with the same excitation conditions as in Fig. 4. Solid line is
convolution of IRF (also in figure) and function I(t) = A X exp(—t/T}) + A; X exp(—t/Ty)+A; X exp(—t/T3) + Background. Fitting parameters are reported in the
figure. Detection under excitation at 266 nm is made with Filter #1, under excitation at 400 nm is made with Filter #2 (see Fig. 5).

speed, capable to record a relatively long time interval (about 10 nsec)
with a lower time resolution (IRF 81.8 ps, see above). The fast acqui-
sition mode was specifically aimed to determine the rise time of the
luminescence response after the excitation, which is the main target of
the experiment. The slow acquisition mode addressed the evaluation of
the decay behavior, mainly for comparison with previous results [18].

At the fastest scan speeds the rise time could be resolved reliably in
the decay curves, over a dynamic range of about 2 decades. The rising
edge of the luminescence was analyzed using the fast 29.5 ps/mm scan
speed (Fig. 6). The rising part of the curve was fitted by means of a
negative exponential function, whose rise time is 10 ps (under excita-
tion at 266 nm) and 7 ps (under excitation at 400 nm). IRF was con-
voluted with the decay function I(t) to obtain the fit.

The examples of resulting decays are shown in Fig. 7. Apparently,
the departure from single exponential behavior is more evident in case
of 266 nm excitation. We did not find any substantial difference in the
decay shape for two excitation densities of 16 and 29 pJ used in the case
of 266 nm excitation.

The decaying part of curve is approximated by different decay times
compared with Fig. 6 due to much longer time scale and non-ex-
ponential character of the decay (see Section 5).

It must be noticed that the structure of the sample itself introduces a
slowdown in the rise time of the luminescence. The MQW structure has
an overall thickness of less than 4 um, which is negligible in terms of
propagation delay of the excitation and signal light. On the other hand
the sample has an overall thickness of about 0.45mm, mostly

. I(?) = 0.49exp(-#/270 ps) +
i + 0.11exp(-#/1.8 ns) + 0.00332

266 nm, 29 uJ, 365 ps/mm
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constituted by the Al,O3; substrate, whose back face is diffusing. The
group velocity of light in Al,O3 at 430 nm (the peak of the emission
wavelength) is ¢/1.84. The path difference between the signal gener-
ated at the front surface and travelling toward the streak camera, and
the signal generated at the front surface travelling toward the back side
and reflected back to the streak camera results in a time delay inside the
sample of about 5.5 ps (neglecting slanted paths and multiple reflec-
tions). This figure is not negligible with respect to the measured rise
time, and it is not included in the evaluation of the IRF discussed above
(the latter was obtained by sending the laser beam on a surface diffuser
in place of the sample, and therefore it is not affected by the optical
thickness of the target).

5. Discussion and conclusions

The measurement shown above demonstrate that the luminescence
of the MQW under test has a rise time of the luminescence in the sub-
10 ps time scale. By using convolution procedure with the measured IRF
for the fast streak camera scan (29.5 ps/mm) we have reliably resolved
the presence of comparable and very small rise time values on the range
7-10 ps in the luminescence emission mechanism under both the 266
and 400 nm excitations. The former excitation involves also massive
charge carrier migration from the GaN nanolayers into InGaN ones
where the luminescence process occurs. The obtained results mean that
this charge carrier migration does not add any delay in the photo-
luminescence mechanism. It must be noticed that the actual rise time

1(®) = 0.34exp(-#/770 ps) +
] + 0.27exp(-#/3.7 ns) + 0.00726

400 nm, 30 uJ, 365 ps/mm

0,1
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° Experimental data 3
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Fig. 7. Decay curves for the excitation at 266 nm (energy 29 pJ) and 400nm (energy 30 pJ). Solid line is convolution of IRF (also in figure) and function
I(t) = A X exp(—t/T) + A, X exp(—t/Tp) + Background. Fitting parameters are reported in the figure. Detection under excitation at 266 nm is made with Filter #1,

under excitation at 400 nm is made with Filter #2 (see Fig. 5).
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could be even shorter, as the calculated rise time is comparable with the
detection system IRF, and the luminescence rise time could be affected
by light scattering effects at the level of 5 ps.

Regarding the decay behavior, the discrepancy in the value of the
decay time resulting from the analysis shown in Figs. 6 and 7 should be
understood just as resulting from technical reasons which does not
necessarily reflect the physical nature of the process. In particular, the
relatively low temporal resolution in the slower acquisition time scale
(356 ps/mm) does not allow to obtain a reliable information on the fast
component of the decay; conversely, in the fastest scan speed (29.5 ps/
mm) it is possible to resolve the rise time and the fastest decay com-
ponent, but the acquisition time scale is too short to obtain a reliable
assessment of the slowest decay component. It must be noticed anyway
that the measurement of the slow decay components (in the time scale
of several ns) is routinely carried out with more conventional techni-
ques (e.g. time correlated single photon counting [18]).

While single exponential photoluminescence decay was reported
only in the case of the measurement of a single InGaN/GaN quantum
dot (QD) [21], the measurement over an ensemble of QDs [22] or in
MQW structure [23] always shows a non-exponential decay profile,
which has been approximated e.g. by a stretched-exponential model
and explained by local compositional fluctuations [23].

An interesting aspect, however, is the difference of the decay pro-
files under 400 nm and 266 nm excitations. Namely, the decay is no-
ticeably accelerated in the latter case. In part, such a difference can be
due to the detection of emission in somewhat different spectral parts of
excitonic band due the used filters (see Section 4.2 above). However,
given the peak power of the excitation laser, the excitation density ef-
fects should be also considered. In the context of non-proportionality of
scintillator materials, it has been considered that various interactions
between elementary closely spaced excitations and charge carriers in
the conversion stage of scintillation mechanism (first few picoseconds)
induce energy losses [24]. While such a process heavily affects the light
yield of a scintillator, it does not show any influence on the lumines-
cence decay itself as it occurs before the relaxed excited state of emis-
sion centers is formed. However, noticeable distortion of the decay was
noted when high intensity femtosecond pulse laser source at 313 nm
(Urbach tail of absorption edge of CAWO,4) was used for the excitation
of a CdWO, single crystal scintillator [25]. Gradually increasing de-
viation of the decay from single exponential (acceleration of the decay)
with increasing laser power was successfully modeled by the Forster
dipole-dipole interaction model which works on the relaxed self-
trapped exciton states of CdAWO,. Even if such a process has been
forecasted to occur in semiconductors above much higher threshold
(compared to ionic crystals as CdAWO,) of the onset of self-quenching
due to differences in the mobility of holes, electrons and excitons [26]
we tend to explain the above reported difference in the decay shape on
the excitation wavelength in the same way: in case of 266 nm excitation
the band-to-band absorption transition of GaN is involved and the total
absorption coefficient of MQW will be much higher compared to that at
400 nm when only InGaN nanolayers are absorbing, as it was pointed
out in Section 2. Thus, total deposited energy in MQW structure will be
much higher as well in case of 266 nm excitation. However, all gener-
ated electrons and holes in MQW tend to migrate into the InGaN na-
nolayers which create the lowest-energy band structure for both elec-
trons and holes. In spite of possible migration losses, the density of
excitonic states in these regions will be much higher for 266 nm ex-
citation and, consequently, their interaction probability strongly in-
creases. Such interaction of excitons is completely analogous to the
above mentioned situation in CdAWO, and it shows itself qualitatively
exactly in the same way. We also note that simple increase of excitation
density by factor less than two in case of 266 nm excitation did not
show any clear difference in the decay course.

In conclusion, our measurements have demonstrated that InGaN/
GaN heterostructures feature a luminescence response with rise time of
less than 10 ps; this value can still be lengthened by instrumental and
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experimental effects, so that it must be considered as an upper limit of
the actual rise time. The timing characteristics of MQW are thus not
deteriorated due to rising edge of the luminescence response, which is
of great importance for its use in superfast scintillation detectors.
Moreover, luminescence decay and in particular the luminescence rise
time did not show an appreciable dependence on the excitation density,
which is also an important feature in view of practical applications.
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