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We report the realization of light emission from a Fe?™ doped ZnSe polycrystal with efficient
pumping from a quantum cascade (QC) laser. The QC laser photon energy is near the absorption
edge of the Fe>™:ZnSe with less than ~60meV Stokes’ shift. The Fe*":ZnSe polycrystal shows an
absorption band of ~2.2 — 5 um in the mid-infrared (mid-IR) at room temperature, which narrows
down to ~2.4-4.2 um at 80 K. Clear photoluminescence (PL) from 4.5 um to 6 um are observed
throughout the temperature range of 300 K to 80 K. At room temperature, the luminescence lifetime
is about 0.38 == 0.1 us which increases up to 101 =2 us at 118 K. This system transfers energy
stored in the upper state of a QC laser with ~ps lifetime to the Fe>":ZnSe with 10° to 10® times
longer lifetime, at the cost of minute photon energy losses. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4897546]

With significant progress made in the past two decades,
mid-infrared (mid-IR) quantum cascade (QC) lasers nowa-
days display many merits including a wide and continuous
range of operating wavelengths,'™ high output power,*¢
high efficiency,”” and excellent temperature characteris-
tics,''! and they have been widely employed in a variety of
applications.'>™'* However, it is still challenging to achieve
mode locking or Q-switching in QC lasers, due to their
intrinsic fast carrier re-distribution and gain recovery life-
times.'>~'® This limits their applications in areas where ultra-
fast and high peak power operation is required, e.g., laser
surgery, remote sensing of trace molecules, etc. In the near-
IR, it is routine to use solid state (or fiber) pumped by laser
diodes to achieve high peak power and short pulses. Here,
we intend to extend this practice to the mid-IR. With long
gain recovery lifetimes, the transition metal doped II-VI
materials are a promising solid state gain medium in the
mid-IR,'*~%2 especially for their capability of ultra high peak
power operation” > and the added benefit of broad tunabil-
ity.2>>® However, the conventional pumping sources of
these materials have mostly been several stages of diode,
fiber and/or other solid state lasers operating in the visible or
near-IR range.?” > This leads to a complex and bulky sys-
tem, with limited quantum efficiency due to a large energy
difference in the pump and lasing photons. Consequently,
the excessive heat dissipation has to be managed. Clearly,
improvement in quantum efficiency and simplification of the
system are highly desired.

In this work, we report the realization of mid-IR light
emission from a Fe?" doped ZnSe polycrystal gain medium
with a QC laser as pumping source. Since the QC laser itself
is an electrically pumped, compact semiconductor device,
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the entire setup is in a simple QC laser — Fe*":ZnSe “two
stage” operation regime, which is expected to reduce the
complexity of the mid-IR solid state light emitting system.
Here, as a first step towards lasing operation, we investigate
the photoluminescence (PL) characteristics of the Fe’":ZnSe
crystal with the QC laser pumping source. Another advant-
age of QC lasers is their flexibility in the lasing wavelengths,
which allows one to choose the pumping photon energy as
close to that of the desired emission photons from the
Fe”":ZnSe as possible, and in turn improve the quantum effi-
ciency. Here, a QC laser with a photon energy less than
60meV Stokes’ shift from the the absorption edge of the
Fe?":ZnSe is employed for demonstration.

The prospective laser medium studied in this work is a
ZnSe polycrystal with a Fe*" concentration of 1.5 x 10'?cm >,
The sample is grown by the chemical vapor transport (CVT)
technique in a sealed vacuumed ampoule.” After growth, Fe
metal films are deposited on the surface of the polycrystal, and
doping is accomplished through thermal diffusion. Then the
sample is cut and polished into a rectangular slab with a thick-
ness of 2.78 mm, the photo of which is shown in the lower right
inset of Fig. 1.

The pumping laser used in this work is a high efficiency
ultra-strong coupling QC laser.*® For this experiment, the
laser is operating at 80 K in pulsed mode, with a pulse width
of 100ns and a repetition rate of 80 kHz. The laser operates
at a wavelength of 4.0 um with a peak power of up to 3 W.

The schematic of the experimental setup for the PL
study is shown in Fig. 1. Fourier Transform Infrared
Spectrometry (FTIR) is used for recording the spectral char-
acteristics of light emission from the Fe®>":ZnSe. The poly-
crystal is mounted in a cryostat for temperature dependent
measurements, with the PL emission fed into the FTIR
through a ZnSe lens. The QC laser is mounted in a separate
cryostat, the pumping light from which is focused onto the
ZnSe polycrystal by again two ZnSe lenses. Since the
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FIG. 1. Schematic of the experimental setup. The Fe>":ZnSe polycrystal is
indicated in red rectangle inside the cryostat, with the photo shown in the
lower right. Both the LP 4500nm and the SP 4500nm filters are placed
against the ZnSe cryostat windows. All ZnSe lenses have a focal length of
1.5in. The generated PL light is omnidirectional, but only a portion is col-
lected into the FTIR.

residual and randomly scattered QC laser light is still several
orders of magnitude stronger than the PL light and would
easily saturate the Mercury Cadmium Telluride (MCT) de-
tector of the FTIR, we use a long pass (LP) 4500 nm filter to
quench the QC laser light after the polycrystal. A polarizer is
also inserted in the optical path after the polycrystal, for fur-
ther filtering of the QC laser light. The incidence angle 0 as
shown in Fig. 1 can be tuned from O to 45 degrees to avoid
the straight transmitted pump light. A short pass (SP)
4500 nm filter is placed in front of the polycrystal to elimi-
nate any incoming ambient light noise at longer wave-
lengths. A lock-in amplifier is used to collect the PL signal.

A similar setup is used for studying the time resolved
PL (TRPL) characteristics at different temperatures. The
FTIR is now replaced by a sensitive MCT detector in the
TRPL measurements, the signals of which are recorded by a
fast boxcar-oscilloscope.

The transmission spectra of the Fe*™:ZnSe polycrystal
from room temperature to cryogenic temperature are shown
in Fig. 2. A wide absorption band in the mid-IR wavelength
range is clearly seen in the figure. At room temperature, it
covers a range of about 2.2 um-5 um, which significantly
narrows down to about 2.4 yum—4.2 yum at 80 K. The wave-
length of the pumping laser is also marked in the figure at
4.0 pm, which is near the edge of the absorption band with a
stokes shift of about 60meV at 300K and only about
10meV at 80 K. Throughout the full temperature range from
80K to 300K, 4 um is constantly contained in the wave-
length range of the Fe*™:ZnSe emission cross section with
effective pumping.””>* Thus, in this demonstration, the
energy loss between the pumping and emission photons is
minimal. A schematic energy diagram is also shown in the
inset of Fig. 2.

The PL spectra of the Fe’":ZnSe polycrystal with QC
laser pumping are plotted in Fig. 3. Light emission is clearly
observed across the temperature range from 80K to 300 K.
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FIG. 2. Transmission spectra of the Fe*":ZnSe polycrystal at varying tem-
peratures from 80K to 300 K. The red dashed line indicates the wavelength
of the pumping laser. Baseline of transmission is between 70%—80% due to
surface reflection. At 300K, about 60% of the pumping laser light is
absorbed in the polycrystal, whereas, at 80K, the absorbance is about 10%
due to the narrowing of the absorption band. Inset: a schematic energy dia-
gram. AE is the activation energy. Purple and red arrows indicate the pump-
ing and emission optical transitions.

Since a LP 4500 nm filter is inserted in the optical path to
quench the residual laser light, the recorded PL spectra are
also partially blocked by the filter. While the emission cross
section of the polycrystal is expected to be centered around
4.1 um,** only the part beyond 4.5 um is shown in Fig. 3,
which reaches as far as 6 um on the long wavelength side. In
the normalized PL spectra shown in the inset of Fig. 3, a
clear narrowing at lower temperatures is discernable, aside
from a better signal-to-noise ratio. This is due to the narrow-
ing of the emission cross section.>® As is shown in Fig. 3, the
PL intensity dramatically increases as temperature is
reduced, reaches a peak at around 180K, and then decreases
again. This is a combined effect of three causes: the increase
of the absolute PL intensity at lower temperatures; the nar-
rowing of the PL peak at lower temperatures, effectively
moving away from the recorded wavelength range; and the
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FIG. 3. PL spectra of the Fe*":ZnSe polycrystal at different temperatures
with QC laser pumping shown in the solid curves in rainbow color. The PL
spectra are plotted in the absolute scale in arbitrary yet comparable units.
The absorption spectrum at 300 K (black) and the QC laser emission spec-
trum (dark red) are also plotted. Inset: normalized PL spectra.
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temperatures due to the narrowing of the absorption band as
shown in Fig. 2.

The TRPL measurement results are plotted in Fig. 4. The
luminescence intensity from the polycrystal under delta
pumping is expected to decay exponentially over time with a
characteristic lifetime 7, which depends on the temperature.
In these measurements, since the pumping laser photon
energy is close to that of the emitted luminescence photons,
the intra-manifold relaxation time is short. And the lumines-
cence lifetime 7 is dominated by the inter-manifold optical
transition and the non-radiative recombination.”® The MCT
detector employed here has the advantage of high sensitivity,
yet the time response is relatively slow. In the inset of Fig. 4,
the detector response function to a delta pumping pulse
(100 ns) from a QC laser is plotted in the green curve, which
is as long as a few us. Thus, the luminescence signal readout
in the MCT detector is the convolution of the actual decaying
luminescence intensity and the detector response function.
Examples of the recorded PL signal at 300K and 80K are
also plotted in the inset. The PL signal can be de-convolved
and fitted with the detector response function to retrieve the
luminescence lifetime t, and the results are plotted in Fig. 4
as a function of temperature. The fitted PL signals are over-
lapped with the experimental data in the inset of Fig. 4. At
300K, a delay and broadening in the PL signal vs. the detec-
tor response is discernable, which arises due to the relatively
slow decaying PL light compared to the 100ns pumping
pulse. The luminescence lifetime increases significantly as
the temperature drops down, and the PL signal at 80 K shows
a shape of purely exponential decay, as seen in Fig. 4. The lu-
minescence lifetime increases from 0.38 = 0.01 us at 300K
to 101 = 2 us at 118 K. The decrease of the luminescence life-
time below 118K to ~97pus arises due to magnetic
Fe’"—ZnSe interactions.* These values of lifetimes are close
to what have been reported in Refs. 28, 29, 34, and 35, where
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FIG. 4. Measured (blue squares) and fitted (red curve) luminescence life-
times of Fe?":ZnSe polycrystal with the QC laser pumping at different tem-
peratures. Insets: the detector response (green); the PL signals recorded by
MCT detectors (blue circles); and the fitted PL signals (red), at 300K (left
inset) and 80K (right inset). Time is referenced at the onset of the 100 ns
pumping pulse. Note the difference in the time scales in the two inset fig-
ures. At 300 K, the luminescence lifetime and the detector response time are
on the same order of magnitude, and the PL lifetime is deconvoluted from
the total response curve. At 80 K, the luminescence lifetime is two orders of
magnitude longer than the detector response time, and the line shape is
dominated by the exponential decay.
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significantly shorter wavelength pumping sources are used.
Thus with a QC laser pumping source, the luminescence life-
time in Fe?™:ZnSe is 10° ~ 10® times longer than that of the
QC lasers themselves. The measured temperature depend-
ence of the luminescence lifetime can be fitted to estimate the
activation energy AE according to”°
= Woe BT (1)

where t and t,,, are the measured and radiative lumines-
cence lifetime, respectively. Wy is a constant. The fitted
curve is plotted in Fig. 4, with AE=241meV and 1/W,
=30ps, again in good agreement with those reported in
literatures. >

In conclusion, we have demonstrated light emission
from a Fe?":ZnSe polycrystal with a QC laser as pumping
source, which is a major step towards the realization of QCL
pumped solid state mid-IR lasers. The QC laser emits at
4 um, which is located at the edge of the Fe?":ZnSe absorp-
tion band and in the middle of the emission cross section,
i.e., with a small Stokes’ shift. Photoluminescence from the
Fe?":ZnSe polycrystal is observed across the temperature
range from 300K to 80K, and the emission spectra from
4.5 um to 6 um are recorded. The PL lifetime studied with
the TRPL measurements reads 0.38 = 1 us at 300K, and
reaches a peak of 101 =2 us at 118 K. The light emission
system transfers energy stored in the upper state of the QC
laser to the upper manifold in the Fe?":ZnSe gain medium
with 10°~10® times longer scattering lifetime, with minimum
photon energy loss. Future work shall focus on obtaining
laser operation in the Fe’":ZnSe polycrystal with QC laser
pumping. To this end, optical feedback from a properly
designed cavity is needed. Mode-locking operation is also
anticipated with the usage of Kerr lensing, semiconductor
saturable absorber mirrors, etc.?>?7 Due to the fact that QC
lasers are electrically pumped, compact semiconductor light
sources with engineerable wavelengths in the mid-IR, reduc-
tion in the overall system complexity, easier thermal man-
agement and improvement over quantum efficiency are
expected, alongside with ultra short pulses and high peak
power in the mode locking operation.

This work was supported, in part, by MIRTHE, a NSF
Engineering Research Center at Princeton and partners.
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