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A novel, entirely solid-state, instrument has been developed for the study of time-resolved
photoluminescence in a wide variety of bulk semiconductors, low-dimensional structures, and
other materials. This system uses a frequency-doubled GaAlAs diode laser (pulse width 30 ps)
as the 415-nm pump source and a silicon single-photon avalanche diode for detection of
photoluminescence. The time-correlated single photon counting technique allows measurement
of photoluminescence decays in the temporal region of 10 ps to > 500 ns with high statistical
accuracy. In addition, the combination of a microscope with a small-area detector provides a
spatial resolution of <5 um. This system is currently being used for the measurement of
picosecond time-resolved photoluminescence from II-VI semiconductors.

1. INTRODUCTION

The expanding importance of II-VI semiconductors,
for example in the fabrication of blue light emitting diodes
(LEDs) or laser diodes! or for optical switches,” has led to
increased interest in carrier lifetime studies of these mate-
rials. In this paper we describe an all solid-state instrument
which is capable of routine time-resolved photolumines-
cence (TRPL) measurements in the picosecond domain.
This instrument has a spatial resolution of only ~5 um,
making it suitable for material inhomogeneity studies and
the local characterization of different areas within various
device structures. It has developed out of earlier work by
. Louis et al.,> who constructed a microscope-based system
utilizing time-correlated single photon counting (TCSPC),
high-repetition rate (50 MHz) picosecond GaAlAs diode
laser excitation and silicon single photon avalanche diode
(SPAD) detectors. The primary purpose of that system
was TRPL measurements on short lifetime GaAs-based
devices, particularly solar cells, The instrument described
in this paper differs from the previous work in the follow-
ing ways: (a) a frequency-doubled GaAlAs source is used
to permit the examination of band-to-band recombination
in wider-gap semiconductors (in particular II\VI materi-
als), (b) a redesigned optical routing module (ORM) al-
lows the efficient detection of PL emission over a wide
spectral region (415-900 nm), offering more opportunity
to study wavelength-dependent decays, and (c) a variable
repetition rate (0-10 MHz) excitation permits a wider
temporal dynamic range than previously, allowing the
study of longer lifetime material (i.e., > 5 ns).

Il. INSTRUMENT DESCRIPTION

The system is based on an Edinburgh Instruments pho-
toluminescence lifetime microscope spectrometer (PLuS-
2). The 415-nm wavelength source is a variable repetition

“rate (0-10 MHz) picosecong:pulsed GaAlAs diode laser
with integral frequency-doubling element. These lasers are
sold commercially (Hamamatsu LDHO041), and are based
on the geometry described by Ohya et al.* The temporal
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pulse width is 30 ps (full width at half maximum,
FWHM), with a spectral width of 4 nm (FWHM) and,
the peak power is ~0.3 mW. The detector is a silicon
SPAD,’ with an active area ~5 pm in diameter, used in
conjunction with an active quenching circuit. It is capable
of a timing resolution of 20 ps.°®

The optical system is constructed around a standard
infinite-conjugate microscope (Olympus BH-2). An ORM
is inserted into the microscope column in order-to permit
the following functions: (1) relaying the laser excitation
signal to the sample with minimal attenuation, (2) direc-
tion of the collected photoluminescence to the SPAD de-
tector, (3) splitting a small part ( ~10%) of the excitation
signal in order to trigger the timing electronics via the
secondary avalanche diode, and (4) passing a broadband
source to illuminate the sample surface for an imaging
charge coupled device (CCD) camera.

The ORM, shown schematically in Fig. 1, consists of a
crossed pair of polarizing beamsplitter (PBS) cubes. The
upper cube (PBS1) directs the laser excitation signal to-
wards the sample. The operating wavelength of this PBS is
centered at approximately the excitation wavelength (415
nm). Hence if s-polarized laser light is incident on the
cube, then it will be reflected losslessly downwards onto
PBS2. Assuming the excitation laser signal is not perfectly
s polarized, a small component of the beam will be trans-
mitted through the cube to the secondary avalanche pho-
todiode (Optoelectronics Inc. PAD 230) which can act as
an optical trigger for the TCSPC timing electronics. This
avalanche photodiode is located by the nuclear instrumen-
tation modules (NIM) unit and is connected to the ORM
by a multimode optical fiber. The fraction of excitation
light routed to this avalanche photodiode can, of course, be
altered by the addition of a half-wave plate between the
laser and the ORM. PBS2 is broadband coated and has a
usable range (50% transmission points) from 400 to ~900
nm (Newport PB3). The excitation signal, which is p po-
larized with respect to PBS2, is passed losslessly to the
sample via a large numerical aperture (NA > 0.65) micro-
scope objective. The isotropically emitted photolumines-
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'FIG. 1. The optical routing module. (PBS) polarizing beamsplitter,
(SPAD) single-photon avalanche diode detector, (APD) secondary av-
alanche diode.

cence signal is collected and collimated using the full nu-
‘merical aperture of the objective, and then passed to PBS2,
Where the s component of the unpolarized signal is re-

flected towards the SPAD. A high numerical aperture lens
is finally used to image the PL signal onto the SPAD.

The spatial resolution of the system depends on the
‘diameter of the active area of the SPAD and the magnifi-
."C‘a:tion of the detection system—given by the ratio of the
»fooal lengths of the objective and the lens at the SPAD. In

this case, an image magnification of 1.5 and a SPAD di-
ameter of 5 um give a spatial resolution of ~3 pm.

The use of a broadband polarizer in PBS2 permits PL
-signals to be detected right across the range of 415 nm
: (close to the excitation wavelength) to 900 nm (the upper
-limit of the PBS). Wavelength discrimination of the de-
‘tected signal is provided by interchangeable multiple-cav-
gfity Fabry-Perot interference filters with a typical bandpass
;of 5-10 nm (FWHM). Although the specularly reflected
“laser excitation signal is not of the correct polarization to

:be reflected at PBS2, a significant proportion (~1%) of
;this signal does reach the SPAD, due to the limited dis-
‘crimination of the polarizing beamsplitter, and usefully
‘permits a full instrumental response to be easily measured.
?;%This backreflection of excitation signal from the sample is
Suppressed during the measurement of TRPL decays by
the use of a combination of the Fabry—Perot filters and
additional edge filters at the SPAD.

The broadband source, used to provide general illumi-
nation of the sample for inspection and alignment pur-
Poses, is a quartz-halogen lamp which is directed down the
lmcroscope column from above. This nonpolarized white
light is attenuated at each PBS, but sufficient light is re-
flected by the sample for the CCD camera (Cohu 4712-
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FIG. 2. Schematic of the time-correlated single photon counting set-up
used. (AQC) active quenching circuit, (CFD) constant fraction discrim-
inator, (TAC) -time-to-amplitude converter, (ADC) analog-to-digital
converter, (MCA) multichannel analyzer. -

.2000) to supply a magmﬁed image (X200) of the surface

in the vicinity-of the excited area. This facility is particu-
larly useful when examining luminescence from structured
materials (e.g., electronic devices, optical wavegmdes) or
in the region of surface defects on wafers.

A schematic of the time-correlated single photon:
counting (TCSPC) setup is ghown in Fig. 2. The timing
electronics are composed of’standard NIM. The TCSPC
technique requires that the’ data collection rate has to be
< 1% of the excitation rate in order that the measured
decay is a valid approximation to the PL photon emission
probability distribution. The tlme-to-amplltude converter
(TAQ) is operated in the reverse mode, whereby the de-
tection of a: photolummescence photon starts the timer and
the delayed trigger signal, deriving from the excitation
pulse, stops it. This minimizes the dead time of the TAC by
operating it only when an actual PL event is detected. The
maximum data collection rate is a few 10’s kHz, which
ultimately is limited by the finite dead time of the analog-
to-digital converter (ADC).

The TAC stop pulse is usually taken from the laser
driver electronics, with the trigger pulse output being
shaped by a constant fraction discriminator (CFD). Al-
though long-term drift (over many minutes) can result in
changes in the time interval between the laser pulse and the
electronic trigger output, such drift is substantially reduced
after several hours of continuous laser operation. With an .
efficient light collection and detection system, high. data
acquisition rates can be achieved (>10 kHz in many
cases) and, thus typical data collection times are reduced
to only a few minutes (e.g., assuming a 5-ns decay, a TAC
conversion gain of 5 ps per channel and a peak of-10*
counts). Over such time periods drift is <5 ps and after
including the effects of jitter in the timing electronics
(TAC, delays and CFDs) and the finite laser pulse width,

‘the use of the laser driver trigger yields an overall instru-

mental response (FWHM) of typically ~ 65 ps.

An alternative method of generating the (delayed)
TAC stop pulse is to use direct detection of the excitation
pulse by redirecting a part of the input beam to a secondary
avalanche photodiode (see Fig. 1). It was found that, when
using the relatively weak 415-nm source and high efficiency
illumination of the sample, there was insufficient power
available to trigger this avalanche diode reliably. Nonethe-
less, the optical trigger method has been successfully used
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FIG. 3. Instrumental responses, shown on semilogarithmic plots, for (a)
the frequency-doubled laser diode source emitting at 415 nm, (b) the
GaAs/AlGaAs laser diode source emitting at 780 nm.

in conjunction with a 780-nm picosecond GaAlAs source
(Hamamatsu LDHO078), where there was an advantage in
both the peak power available (>10 mW) and a higher
efficiency for the photodiode. This method eliminated any
form of long-term drift in the instrumental response al-
though it did appear to add its own contribution to the
timing jitter. Thus, for the 780-nm source with typical data
acquisition times of several minutes, the instrumental half
width was 75 ps when using the laser driver trigger and 100
ps when using the optical trigger. For low efficiency sam-
ples which require long data acquisition times (> 30 min),
there may be a need for optical triggering of the 415-nm
source. This could be achieved by using either a more sen-
sitive avalanche diode (e.g., a second SPAD), or a more
powerful frequency-doubled source.

lll. INSTRUMENTAL PERFORMANCE

A typical instrumental response for the system is
shown in Fig. 3. Here, the 415-nm excitation signal is com-
pared with a signal of similax’ FWHM duration ( ~40 ps)
from a 780-nm laser diode (Hamamatsu LDH 078). The
full instrumental response (FWHM) is 65 ps for the fre-
quency-doubled laser and 70 ps for the 780-nm diode laser.
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FIG. 4. The time-resolved photoluminescence decay of CVD-grown
ZnSe. The raw data are shown on the semi-logarithmic plot, along with
the corresponding instrumental response. The data have been fitted to a
three-exponential model (solid line) with decay constants (and respective
relative amplitudes) of 667 ps (42%), 1.34 ns (43%), and 5.21 ns
(15%). The residual distribution is also shown.
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However there are substantial differences in the tails of
each decay. The full width at 10% of maximum for the
415-nm signal is 160 ps, and 390 ps for the 780-nm signal;
while for the 1%-maximum they are 300 ps and 1.2 ns,
respectively. The sharper 415-nm instrumental response
can be explained by both the nature of the input laser and
by its detection. First of all, the frequency doubled pulse
tends to be narrower than the fundamental due to the
square-law  power relation for second-harmonic
generation.* This has the effect of also reducing the sec-
ondary relaxation oscillations which are the inevitable con-
sequence of the gain switching of picosecond semiconduc-
tor laser diodes. Second, the significantly higher optical
absorption within the silicon SPAD at 415 nm compared
with 780 nm means that a higher proportion of carriers
will be generated within the avalanche region of the
detector.” At longer wavelengths free carriers are gener-
ated deeper within the structure and diffuse into the ava-
lanche region on a slower timescale (i.e., > 100 ps), result-
ing in an extensive tail on the time response.

IV. TIME-RESOLVED PHOTOLUMINESCENCE OF II-VI
SEMICONDUCTORS R

An example of a typical photoluminescence decay
curve, taken from a bulk chemical vapor deposited
(CVD)-grown ZnSe sample, is shown in Fig. 4. This ex-
ample illustrates the high signal-to-noise ratio that can be
achieved by the system—> 1000:1 at the start of the decay.
It also shows the high temporal dynamic range of the in-
strument: both the sub-100-ps instrumental and the > 5-ns
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tail of the-decay:both ‘clearly visible. The high signal-to- -

noise levels obtained by: the instrument are achieved de-
spite the low carrier densities excited using the diode laser.
The main reasons for the weak excitation are the low peak
power of the laser diode (~0.3 mW) ‘and its highly astig-
matic output, whxch leads to an elliptical illumination area
- at the sample plane with a size in excess of 5 um X20 pm.
: With a peak optical power of 0.1 mW at the sample, and an
“absorption of ~ 10° cm ~! (Ref. 8) at 415 nm, this corre-
'sponds- to a peak carrier density of only ~ 5 X 10"
cm ~ 3. Future (second generation) frequency-doubled di-
[ ode lasers with improved spatial and power outputs should
i permit the measurement of density-dependent carrier re-
-combination rates as well as improving the signal-to-noise
- characteristics and/or data acquisition times. It should
also be noted that the system is fully compatible with the
“use of more conventional picosecond dye-laser excitation;
-if a higher-power tunable pump is required it can be sup-
plied by a fiber positioned in place of the diode laser.
In addition to the raw decay data, Fig. 4 also shows the
associated instrumental response and a fit (solid line)
-based on a three-exponential model. This corresponds to

I (1) = Aq +A|e( —t/7) + Aze( — /1) +A3e( - t/‘rg)’
where Ip;(¢) describes the temporal dependence of the
' photoluminescence emission. The fitting was performed us-
mg a nonlinear least-squares analysis in which the recorded
decay was taken to be an impulse response (i.e., not dis-
‘torted by the instrumental response). The time constants
found were 667 ps (42%), 1.34 ns (43%), and 5.21 ns
(15%), where the percentage in brackets refers to the rel-
-ative amplitude of each component, given by

A |

i An 0%
:The quality of the fit can be assessed by the value of the
‘normalized chi-squared value ( XZ = 1.05, in this case) and
‘the analysis of the residual distribution (also shown in Fig.
'4). The data analysis was performed on Edinburgh Instru-
iments PLUS software.
 The use of reconvolution analysis (i.e., convoluting a
imodel function with the instrumental response) is a second
iapproach which has the advantage of allowing the mea-
‘surement of decays which are comparable to, or even con-
smderably shorter than the instrumental half width. In the
Qbove ZnSe PL decay, reconvolution analysis was not con-
fidered necessary but in other cases with PL decay times of
s than 100 ps reconvolution analysis is essential. As an
:ﬂlustratlon of the use of reconvolution analysis in conjunc-
'Clon with the above detection scheme, Louis et al.’ mea-
Sured a decay time of 10+2 ps with an instrumental half
%lldth of 70 ps. This same detection scheme still retains the
s' ersatility to measure decays as long as > 100 ns when
SI,Slng a low-repetition rate source ( <1 MHz).

It should be noted that with the broad wavelength
range over which TRPL measurements can be ‘made, the
’WaVelength dependence of the detector time response (see

ve) means that a single instrumental function cannot be
felied on for deconvoluting those decays with a large shift

(relative amplitude); =
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FIG. 5. The time-resolved fluorescence decay of a metal-substituted poly-
diacetylene at a wavelength of 600 nm. The more rapid decay corresponds
to the instrumental response.

from the excitation photon energy. In this case the instru-
mental response must be derived from a known fast (i.e.,
less than a few picoseconds) luminescence decay in the
appropriate wavelength region.

V. TIME-RESOLVED FLUORESCENCE STUDIES

In addition to TRPL studies of ZnSe, and also CdS,
the 415-nm excitation source has permitted time-resolved
fluorescence measurements of various organic liquids, in-
cluding laser dyes, polydiacetylenes, oils, and even single
malt Scotch whisky. This significantly extends the range of
materials that can be studied beyond those accessible using
the alternative 780-nm source—typically used to charac-
terize GaAs/GaAlAs structures.

An example of a rapidly decaying fluorophore, a
metal-substituted polydiacetylene, is shown in Fig. 5. Here,
the fluorescence decay, detected at 600 nm, is shown along
with the instrumental. This example shows the large tem-
poral dynamic range of the instrument, with the initial
sub-100-ps decay and the nanosecond tail both resolved.
The time constant of the initial part of the decay was found
to be 12 ps by reconvolution analysis.

- V1. DISCUSSION

We have presented the first picosecond TRPL mea-
surements of ZnSe using an entirely solid-state instrument.
This instrument allows routine TRPL measurements on a
wide variety of semiconductors and other, e.g., organic,
materials. Its high spatial resolution also permits studies of
both material inhomogeneities and finely structured sam-
ples.

Future work on this instrument will take place in four
areas: (1) installation of a sample cryostat to permit low-
temperature studies of II-VI semiconductors in order to
ascertain recombination paths, (2) addition of a high res-
olution time-compensated monochromator to the instru-
ment to obtain continuous coverage of detected PL emis-
sion with 1-50-nm resolution over a wide spectral range,
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(3) the possible inclusion of a InGaAsP SPAD to detect
PL in the telecommunication wavelength region of 1.3-1.6
um, (4) the development of a kinetic model for data fitting
to directly deduce semiconductor carrier dynamics.
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