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Abstract: A commercial grade low-cost image intensifier was modified with a fast transistor gating
circuit for time-resolved photoluminescence spectra and decay measurements. Gating exposure
of 20 ns and spectral sensitivity in the 300–1000 nm range were achieved. Operation frequency
in 5 Hz to 0.3 MHz range was verified by a pulsed laser diode. Pulsed repetitive image detection
was integrated on a cooled CMOS camera. High dynamic range and wide spectral resolution
were achieved. The thermal noise, reduced by three orders of magnitude at −16◦C cooling and a
high gain of 104, allowed single photon detection. Application of the spectrometer for sensitive
photoluminescence decay measurements at pulsed laser excitation was performed on MAPbBr3

perovskite and CsI(Tl) scintillator crystals. The decay lifetimes of 400–600 ns and 100–6000 ns were
determined, respectively. CsI(Tl) scintillator showed much stronger x-ray luminescence intensity
due to larger defect density.
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1 Introduction

Time-resolved spectroscopy of organic and inorganic materials is of high importance for the
improvement and development of optoelectronic devices and scintillators [1–6]. Typically, high
repetition rate pulses are applied to the material and then photoluminescence (PL) spectra decays
are monitored [7–9]. The intensity of PL and its decay time can be in wide ranges, thus needing
a sensitive and complicated tool for its detection. The typically applied devices are streak cameras,
photomultipliers, ICCD cameras. Streak cameras provide the best time resolution and wide
dynamic range [10] but have the largest cost. Photomultipliers have time resolution limited to
nanoseconds [11]. PL spectra can be obtained by scanning PL decays over wavelength using a
motorized monochromator. The signal detection needs a fast oscilloscope. Thus the setup cost is
increased by additional components. ICCD cameras [12] coupled to spectrometers provide similar
time resolution as PMTs and have higher costs than PMTs but still by order magnitude lower than that
of streak cameras. The signal readout is performed by inexpensive CMOS sensors. Compact ICCD
spectrometers can be obtained using built in diffraction gratings for the whole visible spectral range.
The core element of ICCD — image intensifier is widely produced for night vision devices and has
very compact size. The scientific versions of the intensifiers have UV-enhanced photocathodes and
gating electrodes. Intensifier is compact because of multichannel plate application having high photon
gain and small size (typically 18 mm photocathode diameter). The intensifier’s high spatial resolution,
up to 74 lp/mm [13], allows full PL spectrum detection by projecting spectrometer output to the
photocathode [14, 15]. Short electron transit time through the microchannel plate (MCP) allows fast
gating of the device down to 100 picoseconds [16]. Nevertheless, commercial ICCDs use modified
photocathodes with metal underlays for more rapid gating, and the signal is coupled by a fiber taper to
the camera to reduce the device dimensions. On the other hand, this strongly increases the device costs.

In this work, we develop a cost-efficient analog of ICCD spectrometer using a commercial
18 mm image intensifier tube, relay lens and a standard CMOS camera. For proper device operation,
the intensifier and camera are thermoelectrically cooled to −16◦C to suppress the dark counts of the
photocathode. The gating circuit is built using an ultrasonic transducer circuit architecture. Single
photon sensitivity, nanosecond time resolution, sub-MHz operation were obtained. Testing of the
device on a perovskite CsI(Tl) scintillator crystals revealed excitation-dependent photoluminescence
spectra and decays.
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2 Experimental setup

For cost-efficient spectrometer production, Gen. II+ CommGrade (S1100-I) Ø37 mm tube with image
inversion was used. It had a P43 phosphor with 2 ms decay time, spatial resolution 66 lp/mm, input
voltage 2–3.6 V, 6294 cd/m2/lx luminance gain, external gain control (EGAC) function (by 50 times).
The intensifier gating circuit and spectrometer construction are shown in figure 1. Flat-Field Concave
Holographic Diffraction Grating blazed at 500 nm, 200 lines/mm UFC1 was obtained from DALIAN
UNIQUE OPTICSCO., LTD. A cooled high dynamic range CMOS camera BFS-U3-63S4M-C cou-
pled to the intensifier with a relay lens (F1.4) was used for amplified image detection. Thermoelectric
cooling was obtained at −16◦C with a 12 V two-stage thermoelectric cooler (TEC) with 50 W power
and with an attached 10 × 10 × 10 cm processor aluminum heatsink with a 12 cm fan. The intensifier
enclosure input and output windows were heated with SMD resistors to avoid condensation.

The gating circuit (figure 1(a)) consisted of a fast MOSFET transistor T1 (ARF463AP1G) with
a driver IC1 (NCP81074B) to provide gate pulses replicating trigger pulses from the digital delay
generator (Highland technology P400 digital delay and pulse generator), which was triggered by pulsed
laser synchronization pulses. We modified the circuit design taken from [17, 18]. Intensifier was on
when the−200 V pulses were provided to its photocathode, the other time, it was off by a constant 50 V
voltage applied through resistor R9. The Zener diodes (D1, D2) were used for the transistor protection.

The spectrometer was tested on a MAPbBr3 perovskite crystal by measuring its excitation-
dependent PL spectra and decays using 10 ps, 10 Hz laser (EKSPLA) excitation at 1053 nm
wavelength. The crystal production method and its properties are described in [19].

Figure 1. Image intensifier gating circuit (a) and intensified spectrometer schematic construction (b).

– 2 –
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3 Results and discussion

Firstly, we tested the gating circuit. It provided 20 ns or longer pulses, as shown in figure 2(a).
Therein, we show 20, 100, and 1000 ns gate pulses generated by a gating circuit using 12 V triggering
pulses from the generator. Voltage transients were measured by Testec 1:100 300 MHz passive probe
and 350 MHz Siglent oscilloscope. Negative voltage corresponds to gate open. Figure 2(b) shows
the shortest gate and corresponding integrated intensifier response as measured delaying the gate
pulses with respect to the short ten ps duration excitation laser pulse at 527 nm.

Figure 2. Different duration voltage gates (a) and short gate pulse correlation with integrated intensifier
output (b).

Figure 3 shows detailed image intensifier output at different laser pulse delays. It is observed
that the intensifier photocathode has parasitic resistivity and capacitance preventing its fast switch on.
Full on-state is achieved at a 4 ns delay, while full off-state takes slightly larger time to achieve. The
cooling strongly enhances the spectrometer operation. The number of thermal electrons generated in
the photocathode at 24◦C was 135000 e−/s; at −16◦C it reduced by three orders of magnitude to
180 e−/s. Thus at a maximum 0.3 MHz operation frequency and at 20 ns gate duration, only one dark

Figure 3. Images of intensifier output at different gate delays after ten ps duration pulse illumination. Voltage
was applied from the bottom.

– 3 –
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Figure 4. The resolution of single photons from the camera noise at 20 ns gate (a). The intensifier spectral
sensitivity at −16◦C temperature (b).

count per second appears. The single photon detection is shown in figure 4(a). Single photon peaks
are well above the camera background and could lead to efficient low-level light detection. The
spectrometer spectral response is shown in figure 4(b). It has the best response in the 300–1000 nm
range (calculated at a 1 percent level from the responsivity maximum at 560 nm), where most
light-emitting materials are investigated.

For the intensified spectrometer linearity investigation, regulated intensity laser pulses were
used at 351 nm (figure 5). Intensifier response signal is almost linear vs. the excitation intensity, as
observed in figure 5(b). Dynamic range of more than two orders of magnitude is achieved for fixed
gain. Spectra broadening appears due to short laser pulse, grating, intensifier and relay lens spatial
resolution [20] and the intensifier halo effect [21]. Spectral resolution was about one nm in FWHM.

Figure 5. Intensifier response signal dependence on 351 nm laser pulse intensity (a). Signal linearity test at
high and low gain (b). In (a) 3 upper curves correspond to high gain spectra shifted by gain coefficient of 49.
Gate of 20 ns was applied.

The repetition rate impact on the spectrometer was tested using a pulsed laser diode (Picoquant
D-C-420; 420 nm wavelength). Diode spectra at different repetition frequencies and diode electro-
luminescence intensity dependence of repetition frequency are shown in figure 6. At the highest
frequencies calibrated filters were used to suppress laser pulse intensity. The spectrometer response
is linear in a wide range, indicating proper gating operation. The gating circuit operates well up to
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Figure 6. Response to pulsed laser excitation at different frequencies and 0.5 s camera integration (a), and
response linearity vs. frequency (b). A gate of 20 ns was applied.

0.3 MHz, as circuit overload appears at higher frequencies. In comparison, ultrafast ICCD cameras
have up to 1 MHz repetition rates [22].

In figure 7, we show the MAPbBr3 perovskite crystal photoluminescence spectra and decays at
different two-photon laser excitation intensities at 1053 nm (scattered excitation light was blocked by
a filter). After the excitation pulses, the intensifier gate was delayed in a step manner to measure
photoluminescence (PL) intensities at different delay times and reconstruct the PL decay. Here,
two-photon excitation of the crystal is applied. Thus the PL signal depends on the excitation intensity
by the 4th power. While the PL signal depends as 2nd power on the excited carrier density Δ𝑁

(i.e., PL ∼ Δ𝑁2). Almost single-exponential PL transients were observed with decay times in the
390–560 ns range. The spectra and decays well coincide with those obtained in [19], where a streak
camera was applied for their measurements.

Figure 7. MAPbBr3 perovskite crystal spectra (a) and decays (b) at different laser excitations at 1053 nm
wavelength. Numbers in (b) show the determined exponential lifetimes.

In figure 8, we show CsI(Tl) scintillator x-ray luminescence (XL) spectra and CsI(Tl) photolu-
minescence decays excited at 351 nm wavelength. The PL spectra well coincide with the XL spectra
indicating the same emission mechanism. The XL was generated by using x-ray tube 6cv27 with
a massive Cu anode. The tube was powered with a regulated 30 kV power supply; 2.5 A cathode
filament current was applied. The scintillator was placed on the spectrometer input slit opposite
the x-ray tube Be output window. MAPbBr3 perovskite nanocrystals can serve as cost-efficient
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Figure 8. CsI(Tl) scintillator x-ray luminescence, PL spectra (a) and photoluminescence decays (b). Inset
in (b) shows the integrated PL intensity dependence on the excitation intensity.

high-energy radiation detectors and scintillators for x-ray imagers [23]. Still in our perovskite
MAPbBr3 crystal, we did not observe XL even at 30 kV as it is 4400 times less efficient scintillator
than CsI(Tl) [24]. This peculiarity can be explained by very low dopant and defect density in
MAPbBr3 encumbering XL at low carrier density x-rays can excite at applied conditions. On the
other hand, the XL spectra intensity in CsI(Tl) scintillator increased with tube voltage due to the
increasing intensity and energy of x-rays. The PL decays in CsI(Tl) were found non-exponential
with fast (100 ns) and slow (7 μs) decay components [25]. The integral PL signal amplitude was
linear on the excitation intensity (i.e., PL ∼ Δ𝑁), indicating that the defect emission regime is
dominant [25, 26].

To sum up, the developed spectrometer shows 300–1000 nm spectral sensitivity interval, 1.2 nm
spectral resolution, 300 kHz operating frequency, and 20 ns minimal gate duration. The materials
costs for the spectrometer were around 3000 EUR. For comparison, the Andor iStar sCMOS camera
with sCMOS sensor can operate in the 180–920 nm range, at maximum 500 kHz frequency, has a
P43 phosphor (2 ms), 18 mm image intensifier, and < 50 ns gate. The camera price is 52000 EUR.
Compact spectrometer-monochromator CS130B-1-FH with 130 mm focal length, suitable for the
camera spectral range, has a price of 8718 EUR [27]. With the camera, the spectral resolution of
about 1.6 nm for 1000 nm spectral band-pass can be achieved. Therefore, the developed spectrometer
cost is more than an order of magnitude lower than that of the existing commercial devices and can
be broadly used for various semiconductor characterization and radiation detection by scintillators.

4 Conclusions

We developed a cost-efficient single photon-sensitive nanosecond gated spectrometer based on a
commercial grade image intensifier. Gate durations down to 20 ns, repetition rates up to 0.3 MHz,
and spectral range of 300-1000 nm were achieved. Testing of the gated spectrometer on MAPbBr3

perovskite and CsI(Tl) scintillator crystals allowed to efficiently measure their photoluminescence
spectra and decays indistinguishable from commercial high-cost gated spectrometers. This device
opens the perspective for economic applications in testing of scintillators and semiconductor materials
for optoelectronic mass production devices.
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