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Time-resolved optical characterization is an indispensable tool to study the recombination mechan-
isms of excitons and/or carriers based on radiative, non-radiative, localization and many-body pro-
cesses. In this paper, we review the instrumentation of various spectroscopic techniques for the
assessment of In,Ga;_,N-based semiconductors such as time-resolved photoluminescence (TRPL),
time-resolved electroluminescence (TREL), transient grating (TG) method to probe photothermal
processes, microscopic TRPL using optical microscope, submicroscopic TRPL using scanning near
field optical microscopy (SNOM) and pump-and-probe spectroscopy for the measurement of tran-
sient absorption/gain spectra. The obtained results are cited in the references.

1. Introduction Time-resolved spectroscopy is a useful technique to evaluate the opti-
cal properties of semiconductors. As for GaN-based semiconductors, targets as photonic
devices can be classified in three subjects.

The first subject is to achieve efficient light emitting diodes (LEDs). Typical blue or
green LEDs commercially available show an external quantum efficiency (7ex) of about
10% [1, 2]. However, further improvement of the efficiency is desired to extend the
application area of LEDs, such as a replacement of light bulb or fluorescent lamp
(vacuum tubes) by LEDs (solid state devices). Luminescence spectroscopy reveals that
performances of LEDs at room temperature (RT) are still limited by non-radiative
recombination processes, and that it should be possible to achieve #ey > 40% if the
pathway to the non-radiative recombination centers is eliminated sufficiently. Therefore,
it is very important to assess the mechanism of both radiative and non-radiative pro-
cesses in order to clarify a key to get higher efficiency.

The second subject is related to the laser diodes (LDs). Since the first operation of
LD has been demonstrated at 400 nm under a continuous wave (CW) mode at RT [3],
the device lifetime has been made good progress, and at current stage the maximum
operation time is estimated to be 10000 h [4]. However, the tuning wavelength for the
stable continuous wave (CW) operation of LDs is currently in the range between
376 nm [5] and 450 nm [6], which is much narrower than that of LEDs due to the
dramatic increase of Iy, with increasing emission wavelength from 420 to 450 nm. This
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may be because internal electric field [7] is so large in In-rich active layers that the
oscillator strength between electron and hole is suppressed, and/or because the optical
gain cannot be generated sufficiently due to the limited number of density-of-states
caused by the effect of localization [8—16]. Further breakthrough is therefore required
to realize pure blue and green LDs using In,Ga;_,N-based semiconductors. Such tar-
gets can be facilitated by well-understanding the emission mechanism, as well as by the
well-designing of the LD structures.

The third subject is related to the development of new photonic devices besides
LEDs or LDs utilising ultrafast phenomena or optical nonlinearity.

For such purposes, it is essential to understand the recombination mechanism by
assessing the dynamical behavior of excitons and/or carriers based on radiative, non-
radiative, localization and many-body processes, and then to make a positive feedback
to the fabrication of photonic devices.

In this paper, instrumentation of time-resolved spectroscopy developed by our group
is reviewed for the assessment of recombination dynamics in In,Ga;_,N-based semicon-
ductors.

2. Instrumentation of Time-Resolved Spectroscopy

2.1 Time-resolved photoluminescence (TRPL) Figure 1 shows the experimental appa-
ratus for the time-resolved photoluminescence (TRPL). Pulsed photo-excitation for the
TRPL is provided by the frequency doubled (2w) or frequency tripled (3w) beams of a
mode-locked Al,Os:Ti laser (w) which was pumped by Ar* laser. It is possible to make
a selective excitation to In,Ga;_,N active layers by using a frequency doubled beam
whose tuning range is from 350 to 530 nm. Two types of pulse width, 1.5 and 100 fs can
be selected by adjusting the optics in Al,O3:Ti laser. The pulse width of 1.5 ps is suita-
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Fig. 1. Experimental apparatus for time-resolved photoluminescence
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ble for the TRPL measurement if monochromaticity is needed for photoexcitation. The
repetition rate of the laser is 80 MHz whose time interval is 12.5 ns. It can be reduced
to 4 MHz by an acousto-optic (AO) modulator in order to avoid multi-excitation de-
pending on the decay times. The detection is performed by means of a fast scan streak
camera in conjunction with monochromator using gratings whose grooves are 100, 300
and 1200 lines/grooves. Time-resolution for the detection is about 2 ps.

The transient luminescence intensity obtained by the data of TRPL shown in Fig. 2 is
generally expressed by the following equation as a function of time after excitation:

t
— ), 1
TPL(T)) @
where 7pr(7) is the decay time of luminescence at a given temperature (7 in K). The
inverse of 7p(7) is the sum of three different types of transition probability,

1 n 1 n 1
TPL(T) Trad(T) Tnonfrad(T) Ttrans(T) ’
where T4(T) and Thonrad(7) denote the radiative and non-radiative lifetimes, and
Tirans(T) 1s the transfer time toward lower-lying energy levels. If radiative recombination
occurs at the bottom of energy levels, the term of the transfer time can be neglected so
that the equation is simplified as shown below.
The internal quantum efficiency (in(7)) of the emission can also be written in terms
of 712d(7T) and Tponrad(7T), Where
1 1 1 Tnon—rad T
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Fig. 2. Typical data obtained by time-resolved photoluminescence spectroscopy
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Therefore, it is possible to estimate the temperature dependence of radiative and non-
radiative lifetimes, by monitoring both tpr(7) and #in (7). However, it is generally diffi-
cult to measure the #in(7) value directly by experiment.

Tnonrad(T) can be expressed by the following equation:

bt
Tnon—rad ( T)

where vy, 0 and N; denote the thermal velocity, cross section captured to non-radiative
recombination center (NRC) and the density of NRC, respectively. There is a case
where the non-radiative recombination process can be ignored, if the crystal quality is
relatively good (low N;) and the measurement is done at sufficiently low temperature.
In fact, we sometimes see the temperature dependence of luminescence intensity I(7T),
where I(T) is constant (I(T) =Ic) in a low temperature region (7 < T¢), and then
decreases gradually with increasing temperature (7 > T¢). In such a case, it can be
assumed that internal quantum efficiency is nearly equal to unity at temperature below
Tc, so that the luminescence decay time in this temperature range corresponds to the
radiative lifetime. If necessary, validity of such an assumption can be tested by means
of the detection of photothermal processes as described in Section 2.3. Then, the inter-
nal quantum efficiency can be expressed by #in(7) = I(T)/Ic , and both radiative and
non-radiative lifetimes at temperature above T¢ can be given by the following equa-
tions [17]:

= V[hO'Nt s (5)

Traa(T) = 1p1(T) % , (6)

Tnon—rad(T) = TPL(T)IC_Ii(;(T) . (7)

The temperature dependence of radiative lifetimes reveals the dimensionality of exci-
tons [18, 19]. The dynamical behaviour of excitons based on localization, radiative and
non-radiative recombination processes has been studied in In,Ga;_,N-based light emit-
ting devices. It was found that excitons were weakly localized mainly due to the small
fluctuation of alloy content if the In alloy content was less than about 10%. The depth
of exciton localization grew with increasing In content, and the self-formation of deep
localization centers was observed in the sample with x > 20% [9, 13]. In such highly
localized samples almost no temperature dependence of radiative lifetimes was ob-
served suggesting the zero-dimensional feature of excitons [14, 15].

2.2 Time-resolved electroluminescence (TREL) Even if there is no short-pulse laser
system, the luminescence dynamics can be assessed by applying pulsed voltage across
p-i—n junction. Figure 3 shows the time-resolved electroluminescence (TREL) system
[20, 21]. The pulse width and repetition rate of voltage applied to LEDs are 8 ns and
4 MHz, respectively. The condition of impedance matching can be attained with a vari-
able resistor by minimizing the reflected current pulse monitored by a fast digital oscil-
loscope. Although the pulse width of applied voltage is rather broad, a time resolution
of about 500 ps can be achieved by deconvoluting the current-pulse signal with the
transient EL signal monitored by the streak camera. Recent progress of experimental
technique has led to the TREL measurement using a pulse generator with pulse width
of 150 ps.
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Fig. 3. Experimental apparatus for time-resolved electroluminescence

2.3 Transient grating (TG) method to probe photothermal processes The heat dy-
namics generated by non-radiative recombination processes can be assessed by measur-
ing the photo-induced refractive index change (An) by using the transient grating (TG)
method based on third-order nonlinear spectroscopy [22-24]. The experimental set-up
of the excitation and probe beams of the TG method are shown in Fig. 4. A frequency
tripled beam of Nd:YAG laser (355 nm) was used for excitation. The interference pat-
tern is created by crossing two excitation beams with an angle 6 in the sample materi-
als. The fringe spacing /1 is given by

_@, (8)
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Fig. 4. Experimental apparatus for transient grating spectroscopy
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Then, the light intensity in the crossing region is modulated as follows:

I(1 + cos gx
1) = 8@, )
where ¢ is the grating vector given by
27
q=— (10)

The densities of carriers and/or excitons are modulated along this optical grating (po-
pulation grating). The excited area releases the heat by the non-radiative recombina-
tion of carriers and/or excitons and the temperature of the sample is modulated (ther-
mal grating). The refractive index (n) and the absorbance (k) of the materials are also
modulated by these gratings. Such modulation of optical properties (An, Ak) are similar
to the refractive grating. A probe beam from a He—Ne laser (633 nm) was partly dif-
fracted (TG signal) by these gratings. The intensity of the TG signal can be written by

Irg = a An* + B AR, (11)

where a and f are constants. The TG signal was detected by a photomultiplier tube
after isolation from the probe light with a pinhole and a glass filter, recorded with a
digital oscilloscope, and analyzed with a microcomputer.

2.4 Microscopic TRPL using optical microscope In order to assess the correlation
between PL lifetimes and macroscopic dislocations, TRPL spectroscopy with micron
spatial resolution [25, 26] was performed on the epitaxially laterally overgrown GaN
(ELO-GaN) and In,Ga;_,N quantum wells (QWs) grown on ELO-GaN [25] by using
the apparatus as shown in Fig. 5. The beam is focused down to the size of about 1 um
using air-gapped object lens made of quartz. The fluorescence image can be observed
by an optical microscope in conjunction with a CCD camera, and be detected through
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Fig. 5. Time-resolved photoluminescence with spatial resolution of about 1 um
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an UV-optical fiber in order to measure TRPL using the system shown in Fig. 1. It was
found that threading dislocations act as non-radiative recombination centers, but they
are not the factor to limit the internal quantum efficiency at RT [25]. The dependence
of dislocation density on 7p. for In,Ga;_ N QWs became less dominant with increasing
In mole fraction (x value) [27]. This result suggests that the capture cross sections of
non-radiative recombination centers are greatly reduced once excitons are trapped at
deep localization centers in In-rich In,Ga;_ ,N active layers [9].

2.5 Submicroscopic TRPL using scanning near field optical microscopy (SNOM) 1f
the TRPL with nanoscopic spatial resolution could be achieved, five-dimensional (5D)
data composed of space, wavelength and time would give us a more clear view on the
correlation between nanoscopic structures and macroscopic optical properties. We have
recently performed the first PL imaging of an In,Ga;_,N-SQW-based LED structure
using scanning near field optical microscopy (SNOM) under illumination-collection
mode, where photo-excitation and the PL probing are performed using the same fiber
tip as shown in Fig. 6 [28].

This was achieved by tailoring the tapered structure of fiber tip composed of a pure
SiO; core to transmit UV light with low transmission loss, and to eliminate the emission
background from the fiber. The measured PL mapping image revealed the variation of
both peak and intensity in PL spectra according to the probing location with a resolu-
tion of about 0.1 pm.

The variation in PL intensity observed in a yellowish green LED was from 0.8 to 1.8
(in arb. units) indicating that internal quantum efficiency fluctuates from 10% to 50%
within the active layer. TRPL spectroscopy using this system is now under progress.

2.6 Pump and probe spectroscopy for the transient absorption/gain measurement The
pump and probe spectroscopy depicted in Fig. 7 was performed for the measurements
of the temporal behavior of differential absorption using a dual photo-diode array in
conjunction with a 25 cm monochromator [29]. The white light used for the probe beam
was generated by focusing the part of output beam from the regenerative amplifier on
a D,O cell. Detailed optical paths of both pump and probe beams are drawn in Fig. 3.
The delay time of the probe beam with respect to the pump beam was tuned by chang-
ing the position of retroreflector which could be controlled by the pulse stage. Since the
minimum difference in optical path was 2 um, a time resolution down to 6.7 fs was
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lllumination-colliection mode

Fig. 6. An approach to improve the resolution less than 0.1 um by using scanning near field micro-
scopic technique
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Fig. 7. Experimental set-up for the pump and probe spectroscopy

achieved. In order to detect the probe beam with spatially uniform carrier distribution
in the sample, the focus size of the pump beam (600 um in diameter) was set so as to
be much larger than that of the probe beam (200 um in diameter). Furthermore, the
probe beam was perpendicularly polarized with respect to the pump beam, and the
transmitted probe beam polarized in this direction was detected to avoid scattering of
the pump beam.

In the pump and probe spectroscopy, the transmission spectrum of the probe beam
detected in the presence of the pump beam (7 + AT) is compared to the spectrum
without pump beam (7), giving the frequency (w)-dependent AT (w, I, tg) of the
sample for different intensities of the pump (Icx), and for different time delays after the
pulse pumping (z3). The photo-induced change of optical density (AOD(w, I, t4)) is
expressed by the following equation:

AOD = log ( = 0.434Aad , (12)

_r
T +AT
where Aa (w, I, tq) is the photo-induced change of absorption coefficient, d is the
thickness of absorbing layer. A schematic of a and a + Aa is illustrated in Fig. 8. In
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normal case, photo-bleaching (a + Aa < a) is observed because of the state-filling of
photo-induced carrier, and a + Aa becomes negative, giving rise to optical gain if popu-
lation inversion is achieved. As can be observed in the modulation spectroscopy such as
photoreflectance (PR) or electroreflectance (ER), it is likely that the AOD signal
would not be affected by the interference of transmittance because of the cancellation
between the denominator and numerator in Eq. (1). However, interference oscillation
was observed probably because of the change of refractive index induced by photo-
excitation. Therefore, it was necessary to reduce the internal reflection of the probe
beam by means of the Brewster angle of incidence (about 70°) with p-polarization.

Dynamical behavior of optical gain formation has been assessed at RT in the
In,Ga;_,N multi-quantum-well (MQW)-based LD structures by employing pump and
probe spectroscopy with a pulse width of 150 fs. The LDs are composed of a)
In().lGaO.gN—Ino.ozGao_ggN MQW and b) In0_3Gao_7N—Ino_osGaO.()sN MQW, whose stimu-
lated emissions correspond to near ultraviolet (390 nm) and blue (440 nm), respectively.
The optical gain was contributed from the nearly delocalized states (the lowest-quan-
tized MQW levels (LQL)) in the sample a, while it was from highly localized levels
with respect to LQL by 500 meV for the sample b. It was found that the photo-gener-
ated carriers rapidly (less than 1 ps) transferred to LQL, and then relaxed to the loca-
lized tail within the time scale of about 5 ps, giving rise to the optical gain. Such gain
spectra were saturated and other bands appeared in the vicinity of LQL under higher
photo-excitation [30].
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