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ABSTRACT: The ZnO-based heterostructures are predicted to be promising
candidates for optoelectronic devices in the infrared and terahertz (THz) spectral
domains owing to their intrinsic material properties. Specifically, the large ZnO LO-
phonon energy reduces the thermally activated LO-phonon scattering, which is
predicted to greatly improve the temperature performance of THz quantum cascade
lasers. However, to date, no experimental observation of intersubband emission from
ZnO optoelectronic devices has been reported. Here, we report the observation of
THz intersubband electroluminescence from ZnO/Mg,Zn, ,O quantum cascade
structures grown on a nonpolar m-plane ZnO substrate up to room temperature. The
electroluminescence peak shows a line width of ~20 meV at a center frequency of
~8.5 THz at 110 K, which is not accessible for GaAs-based quantum cascade
structures because of the reststrahlen band absorption from 8 to 9 THz. This result is
an important step toward the realization of ZnO-based THz quantum cascade lasers.
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he terahertz (THz) frequency spectrum, defined as the

frequency range from 0.1 to 10 THz, has attracted great
attention among many research groups owing to its potential
for applications including, but not limited to, noninvasive
characterization, defect monitoring, security screening, astron-
omy, explosive material detection, and time domain spectros-
copy.' ™ Highly required for these applications are compact
THz sources, with milliwatt-level output power, continuous
wave operation, and broad tunability. Many electronic and
photonic approaches have been proposed and investigated for
THz sources so far, such as Schottky diode multipliers," Gunn
oscillators,” resonant-tunneling diodes (RTDs),” as well as
photonic devices based on nonlinear or photoconductive
effects.” Though useful in their specific fields, their application
is still limited by their intrinsic properties and structures.
Among the THz sources, the quantum cascade laser (QCL), a
compact injection laser based on semiconductor hetero-
structures, has become the most appealing choice for real-
world applications thanks to its compactness, high power
output, and flexible design capabilities. In recent years,
intensive efforts have been devoted to enhance the perform-
ance of THz QCLs. Nowadays, THz QCLs have already
shown high output powers (several hundred mW both in
pulsed and continuous wave (CW) operations) and lasing
emission ranging from 1 to 6 THz. Recently, thermoelectrically
cooled THz QCLs operating up to 210 K have been
demonstrated thanks to a precise design optimized using
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nonequilibrium Green’s function simulations.”” Nevertheless,
despite the significant progress, THz QCL operation at room-
temperature (RT) is still lacking. Besides structure optimiza-
tion using the conventional GaAs/AlGaAs material system,
other potential material systems have also been proposed and
investigated, such as Si/SiGe,"® GaN/AlGaN,"' and more
recently ZnO/ZnMgO."”™"* Compared with the classical
GaAs-based approach, nonpolar material systems such as Si/
SiGe are attractive because of the weaker electron—phonon
interaction, enabling robust population inversion with
increasing operating temperature.15 As an alternative strategy,
the wide-bandgap ZnO or GaN material systems have recently
been proposed, offering several advantages including large LO
phonon energy and higher conduction band offset (CBO).
This large LO-phonon energy will strongly reduce the
thermally activated nonradiative LO-phonon scattering proc-
ess, postulated to be the main scattering mechanism at high
temperature, thus, significantly improving the predicted
temperature performance of THz QCLs."® Meanwhile, though
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GaAs-based THz QCLs have been quite successful in the low
frequency range (1—S THz), further extending the spectral
range to higher frequencies is limited by the intrinsic
reststrahlen band of the material (around 8 to 9 THz for
GaAs, in relation with the 36 meV LO phonon energy). This
issue is naturally overcome by using material systems with large
phonon energies. For instance, the 50 meV TO phonon energy
in ZnO leads to a reststrahlen band above 12 THz. The
development of commercially available ZnO substrates and/or
the excellent ZnO/ZnMgO heterostructure growth control
have enabled the realization of UV LEDs,'” high mobility two-
dimensional electron gases'® and integrated devices.'” More
recently, the intersubband absorption has been observed on
nonpolar ZnO substrates,”” and more comglex physical
phenomena have also been investigated.”">* This work
represents a new step toward the realization of ZnO-based
THz QCLs. Indeed, we report for the first time THz
intersubband electroluminescence from ZnO/Zn; MgO
quantum cascade structures based on a four-well scheme.

B RESULTS

Figure 1 displays the conduction band profile (under an
applied electric field of 130 mV/period) with the relevant
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Figure 1. Density of state and Wannier-Stark wave functions shifted
by their eigen energies of the structure ZOEl under an applied
electric field of 130 mV/period at a lattice temperature of 110 K.
Here, the wave functions are only shown for clarity and are not used
in the actual simulations.”®> The layer sequence of one period of the
structure, in nanometers, left to right and starting from the injection
barrier is 2.5/3.6/1.7/3.4/2.4/2.75/2.7/6.1S where the ZngMg,,0
barriers are in bold, while normal characters refer to ZnO. The center
of the underlined layer was doped with Ga to ng = 3 X 10'® cm™. The
radiative transition is labeled with a red arrow. The inset shows the
corresponding gain spectrum calculated by the nonequilibrium
Green’s function.

Wannier-Stark states at 110 K of the studied quantum cascade
structure. The structure has been simulated using a fully self-
consistent nonequilibirum Green’s function (NEGF) model,
taking into account the Hartree potential calculated by the
Poisson equation.”’ The design is based on four quantum wells
(QWs) per period, where the narrowest well spatially separates
the two active wells from the phonon extractor well.”**> The
inset shows the corresponding simulated gain spectrum with an
average interface roughness fluctuation height of 0.1 nm and a

344

correlation length of 10 nm. The design features a gain peak at
~24 meV, corresponding to the transition between levels 5 and
4 in the Wannier-Stark basis. The lower laser level 4 is rapidly
depopulated by the strong elastic scattering into levels 3 and 2,
ensuring a short lower laser state lifetime. The fast carrier
extraction from the level 2 by the LO-phonon scattering in the
extraction well effectively suppresses the thermal backfilling to
level 4, important for high temperature operation. Meanwhile,
the reduced coupling between the level 5 and the extraction
well due to their spatial separation significantly suppresses
parasitic currents and enables a larger current dynamic range.
Moreover, the broader width of the miniband formed by levels
2—4 as well as the very fast phonon emission rate relaxes the
energy alignment with the LO-phonon extraction well. As a
result, the designed structure exhibits more robustness to
thickness fluctuations.”® Note that because of the strength of
the Frohlich interaction, corrections to the position of the
energy states due to the scattering are large and makes the
NEGEF simulation much better adapted to this material system
than approaches based on rate equations where the self-energy
corrections are neglected.

Starting from the ZnO substrate, the sample structure
consists of a 500 nm ZnO:Ga bottom waveguide before the
active region. The active region containing 100 periods of the 4
QWs design is detailed in Figure 1. The structure ends by a
150 nm ZnO:Ga top waveguide layer. To avoid any Ga
diffusion from the waveguides, a 20 nm thick nonintentionally
doped (nid) ZnO layer was inserted on both sides of the active
region. In accordance with the design, the Mg content and the
active region doping were carefully fixed to 12% and 3 X 10'®
cm™3, respectively. The reason for such a high doping level is
due to the large ionization energy of the Ga dopant.

Prior to sample processing, structural characterizations have
been carried out to assess the active region quality, periodicity
and thicknesses of the constituting layers. Figure 2a displays
the X-ray diffraction (XRD) spectrum for the (100) reflection.
The highest intensity peak located at 26 = 31.77° corresponds
to the (100) reflection of the ZnO substrate. On both sides of
this main peak, we can observe intense and regularly spaced
peaks. They are superlattice peaks related to the repetition of
the active region period. The spacing between the superlattice
peaks gives access to the active region period thickness, which
is found to be 23.8 nm. The small difference compared to the
nominal value (25.2 nm) ensures that each single layer within
the active region has less than 1 ML deviation from the
nominal value. In addition, the sharpness of the superlattice
peaks reveals a good period reproducibility across the entire
structure.”” Scanning transmission electron microscopy
(STEM) was performed to evaluate the stack reproducibility
and the interface quality at the atomic scale. In order to reveal
the chemical contrasts, a high angle annular dark field detector
(HAADF) was performed. Figure 2b represents a large view of
the first 15 periods of the active region on top of the bottom
Zn0O:Ga waveguide. At this low magnification, we can observe
the regularity of the stack with perfectly flat interfaces and
constant layer thicknesses over several hundreds of nanometers
along the growth direction but also along the layers plane. The
inset displays a high-resolution image of a single active region
period. The ZnO and ZngMg;,O layers can be easily
distinguished thanks to the chemical contrast (in light and
dark contrast, respectively), while the regular point grid
corresponds to the atomic columns. The interfaces are flat
along the [0001] direction and abrupt at the atomic scale
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Figure 2. (a) High-resolution X-ray diffraction spectrum measured
around the (100) ZnO reflection. (b) Scanning transmission electron
microscopy image with high angle annular dark field detector in the
cross-section of ZnO/ZnggMg;,0 cascade structure along the [11—
20] zone axis. The ZnO and ZnggMg;,0 appear in light and dark
contrast, respectively. Inset: zoom-in view of one active region period.

without any sign of Mg segregation or out-diffusion. The same
thicknesses were found for the first and the last periods, which
proves the high growth stability. This is in line with the sharp
superlattice peaks observed on the XRD spectrum. This
represents an important achievement since it demonstrates
that molecular beam epitaxy of ZnO can match the very high
requirements necessary for quantum cascades growth.

Since the intersubband nature of the emission only allows
the generation of TM-polarized light,” grating structures are
needed for light outcoupling.”” Previous work showed that for
THz emitters, the light outcoupling can be more flexible than
strictly following the Bragg condition. Devices were thus
fabricated using the square mesa configuration and topside
grating into the active region as shown in Figure 3. In order to
design more flexible gratings which are able to support a wider
range of emission wavelengths, we decided to implement
chirped grating DFBs (CGDFBs). Details are given in the
Methods section. Such gratings are typically used in tunable
DFB devices, due to their ability to simultaneously support a
wide range of emission frequencies.”” Moreover, they are
potentially beneficial for increasing the outcoupling efficiency
compared to that of regular second order DFB structures.’'
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Figure 3. Schematic of the fabricated devices. The inset (top-right)
shows the scanning electron microscope image of a typical device with
bonded wires. The inset (bottom-right) shows the detailed waveguide
structure.

Mesas with lateral sizes ranging from 100 to 400 ym were
implemented but we only present the analysis of the largest
mesa in this work since it provides higher optical signal.

The electroluminescence spectra taken at a temperature T =
110 K for different bias voltages are shown in Figure 4a. The
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Figure 4. (a) Electroluminescence spectra of sample ZOE1 under
different biases. The inset shows the power vs current (L—I) and
voltage vs current (V—I) curves at temperatures of 80 K and 120 K,
respectively. (b) Temperature evolution of the electroluminescence
spectra for temperatures from 80 to 300 K. (c) Emission spectra of
samples ZOEl and ZOE2, and the filter transfer function of the
bolometer.
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emission energy is ~35 meV, with a full-width-at-maximum
(fwhm) of ~19 meV, which is comparable to the absorption
line width observed in the ZnO/ZnMg; O heterostruc-
tures.”” This is the first time that an electroluminescence peak
has been observed at this frequency from an n-type ZnO/
Zn Mg, ,O quantum cascade structure. The observed
emission energy is in reasonable agreement with the simulated
center frequency of the gain spectrum (24 meV) considering
the uncertainties in the material parameters. It should be noted
that similar discrepancies between the experimental and
theoretical values have also been observed in the THz
intersubband absorption of the nonpolar m-plane GaN-based
systems.””>* No Stark shifts or bias-dependent level broad-
ening was detected in the studied voltage range. This was
expected due to the large level broadening resulting from the
strong LO-phonon scattering and interface roughness scatter-
ing in the ZnO QWs. The optical output power versus current
(L—I) and voltage versus current (V—=I) curves at temperatures
of 80 K and 120 K are depicted in the inset of Figure 4a. As
reported for the SiGe material system,'’ negative differential
resistance (NDR) is not observed. This could be attributed the
large level broadening which renders selective injection into
the upper laser state less effective compared with the GaAs
system. The electroluminescence (EL) spectrum has been
measured at various temperatures with bias voltage fixed at
~11 V. The corresponding spectra taken from 80 to 300 K are
shown in Figure 4b. Below 100 K, a negative peaks appear in
the emission spectra (see Supporting Information, Figure 1).
The observed emission spectrum can be interpreted as the sum
of two contributions: the intersubband emission and the
modulated blackbody radiation from the hot bolometer
window, with their relative weights determined by the
operating temperature. The modulated blackbody radiation
incident on the sample will be measured as a differential signal
with a negative component.”® At low temperature, due to the
small injected current, the modulated blackbody signal
dominates over the intersubband emission, showing a strong
negative peak in the emission spectrum. On the contrary, the
intersubband emission starts to dominate with increasing
temperature. The change in the relative weight of the two
contributions can be recognized by the phase change of the
emission spectrum (see Supporting Information, Figure 1).
Therefore, no negative peaks are observed at high temper-
atures.

For comparison, the emission spectra for two samples,
ZOE1 and ZOE2 at a temperature of 100 K is shown in Figure
4c, together with the filter transfer function. The EL spectrum
of ZOE2 with a slightly larger period shows a lower center
frequency than that of ZOE1, which is consistent with the
numerical simulation. Though the polarization of the emission
is hard to determine with current grating structures, a
distinguishable difference between the sample spectra and
the filter transfer function, together with the reasonable
agreement between the experiment and the theoretical energies
demonstrate the intersubband nature of the sample emissions.
We also noted that the gain disappears very fast with increasing
interface roughness in our numerical simulation.

The line width of the spectrum increases from 12.7 meV at
80 K to 36 meV at 300 K. The increased line width at high
temperature is attributed to the stronger impurity scattering
and electron—electron scattering as a result of the strong
temperature dependence of the carrier density (see Supporting
Information, Figure 2). In fact, the NEGF simulation at 300 K
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shows an energy level broadening almost twice as large as the
broadening at 110 K, which is consistent with the experimental
results in Figure 4b. The detailed examination reveals that the
line width at 80 K is limited at low energy (i.e., below 20 meV)
by the modulated absorption signal described above, as
indicated also by the asymmetry of the EL spectrum.
Compared with GaAs THz QCLs, the sample shows the
stronger temperature-dependence of the injection current, as
depicted in the inset of Figure 4a. This can be explained by the
large ionization energy of the Ga dopant in the ZnO
heterostructure®® (see Supporting Information, Figure 3). An
ionization energy of 6.7 meV, corresponding to a temperature
of 78 K, was obtained for sample ZOE]I, leading to a strong
temperature-dependence of the free carrier density and, thus,
the injected current. Given the above analysis, we exclude the
electron—electron scattering as the main mechanism for the
large broadening of the EL spectra at low temperature.’’
Instead, we attribute it to LO phonon emission and interface
roughness scattering. To make a quantitative comparison
between the theory and experiment while suppressing thermal
effect due to device heating, we performed the analysis at 110
K.
The EL power at 110 K can be written as
I
Noer—hv

4, (1)

where 7, is collection efficiency of the experiment setup, g, is
the electron charge, N,,, is the number of the active region
periods, hv is the photon energy, and 7,4 = 7,./7.q is the
quantum efficiency per period (7, and 7,,4 are the nonradiative
and radiative lifetimes, respectively).'®”” Using Py ~ 98 pW,
Neonl ~ 0.1%, and N,,, = 100, we estimate a quantum efficiency
of f1,,q = ~7.1 X 1078, With 74 ~ 20 s, a nonradiative lifetime
of 7, ~ 1.3 ps is estimated, which is in reasonable agreement
with the calculated value by NEGF of 7,,, ~ 2 ps. The quantum
efficiency increases to ~4.2 X 107 at 300 K (Supporting
Information, Figure 4), which can be attributed to both the
stronger mean-field caused by higher carrier density and the
blackbody radiation introduced by the hot electron plasmon in
the structure.”® The estimated quantum efficiency is about 1
order of magnitude smaller than that obtained for the GaAs
QCLs as a result of the short nonradiative lifetime. From the
calculated upper laser state lifetime, we obtained a carrier
density of ~3 X 10° cm™ for a current of 400 mA at 11 V,
which agrees well with the calculated value of 1 X 10" cm™
(see Supporting Information, Figure 2). It should be
emphasized that no fitting parameters were used in the
simulations. However, reasonable agreement between the
theory and the experiment in both the optical and electrical
characteristics of the device has been achieved, which provides
further evidence for the intersubband origin of the observed
spectra. Given the much lower free carrier density than state-
of-art GaAs THz QCLs™*’ and the strong Frohlich
interaction,”” we conclude that the electron-LO phonon and
interface roughness are the main scattering mechanisms for the
level broadening.

P‘JPt = ncollrlrad

B CONCLUSIONS

In conclusion, we have demonstrated THz electrolumines-
cence from quantum cascade structures based on the nonpolar
m-plane ZnO/ZnggMg;,O material system. The electro-
luminescence shows a center frequency of ~8.5 THz, which
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is unachievable in GaAs-based heterostructures owing to the
intrinsic reststrahlen band absorption at ~8 THz. The large
ionization energy of the Ga dopant in ZnO leads to a strong
temperature dependence of the free carrier density. Therefore,
to observe a good signal-to-noise ratio, the device has to be
operated above the ionization temperature. In this respect,
somewhat counterintuitively, the device shows enhanced
emission intensity with increasing temperature. At low
temperature, the line width broadening is attributed to the
electron-LO phonon and interface roughness scatterings due to
the low free carrier density. However, as the temperature
increases, the electroluminescence spectra become significantly
broadened due to stronger impurity and electron—electron
scatterings, as both scattering mechanisms show strong
dependence on the carrier density. To further improve the
performance of the device, or even achieve lasing action, first,
the strong temperature dependence of the injection current has
to be mitigated. Potential methods include using higher doping
levels or modulation doping in the barriers. Second, as the
strong electron-LO phonon scattering strongly broadens the
energy levels, an extraction well with extraction energy that is
not resonant with the LO phonon will reduce the level
broadening while keeping a fast extraction rate from the lower
laser state. Meanwhile, structures with lower transition energies
could benefit due to the reduced free carrier and intrinsic
material absorptions. In addition, our simulations show that
reducing the interface roughness could significantly enhance
the gain of the active region. To summarize, our demonstration
not only constitutes a significant step further toward the
realization of ZnO-based THz QCLs, but also unlocks the
potential of ZnO-based heterostructures for novel devices and
fundamental physics investigations, such as mid-infrared lasers
and phonon—polariton emitters.*'

B METHODS

Active Region and Grating Designs. For the calcu-
lations, the band offset between the QW and the barrier was
taken as AE, = 0.67SAE,, where AE, is the bandgap difference
between ZnO and Zn;_ Mg O and was calculated as 25 meV
per % of Mg in the barrier.”" The effective masses of the QWs
and the barriers were taken to be the same as that of ZnO
(0.22m,), where mj is the free electron mass. This assumption
does not introduce a significant error since the Mg content has
been fixed at 12% to lead to a conduction band offset of ~200
meV.

Our gratings are designed with a linearly chirped periodicity,
ranging from 15.2 ym up to 31.2 um (average of 24.7 ym). In
contrast, the grooves of the grating have an identical length of
6.2 pym per period. We further enhanced the outcoupling
strength of the gratings by etching them through the active
region (down to the bottom S00 nm ZnO:Ga waveguide (3 X
10" cm™). To allow for efficient light outcoupling, only the
top of the gratings were covered with gold for current
injection. Based on the general numerical method for grating
efficiency coupling,’’ the proposed CGDFBs were estimated to
support light extraction for wavelengths ranging from 2.4 to
19.7 THz.

Growth Procedure. We grew the sample on a 10 X 20
mm* ZnO m-plane substrate. We annealed it prior to growth
with a rapid thermal annealing system at 1065 °C for 2 min
under an oxygen atmosphere. This procedure is known to
reveal atomic steps on the surface.*” For the growth, we used a
molecular beam epitaxy system Compact 21 from Riber

347

equipped with 2 Zn, 2 Mg, and 2 Ga effusion cells and 2 O
plasma cells. We adjusted the Zn and O fluxes to be close to
the stoichiometry to limit point defects* and set the sample
temperature to 165 °C. Usually, the MBE growth of ZnO on
nonpolar orientations like m-plane was performed at low
temperature in order to avoid the phase transition of ZnMgO
(from wurtzite to rocksalt). Moreover, the Zn sticking
coefficient is low and decreases very quickly for temperatures
above 400 °C. With these growth conditions, the growth rate is
170 nm/h. Growing cascade structures for the THz domain is
very material demanding. Indeed the thickness control needs
to be under the monolayer (ML) scale (0.28 nm for m-plane
Zn0O). Otherwise a huge energy shift appears between the
measured and the targeted intersubband transition energies.
We set a fine calibration procedure to tackle this very strict
requirement.”” It involves a specifically designed calibration
sample and a combination of the scanning electron microscopy
and X-ray reflectivity experiments for thickness determination.
By doing so, we achieved a thickness determination with a sub-
ML precision even for thicknesses down to 2 ML. We cross-
checked these results by a high resolution scanning trans-
mission electron microscopy (HRSTEM) experiment. It is
shown that most of the layers within the active region period
are close to being an integer number of monolayer, except for
the 2.4 nm barrier layer, with a roughness of 0.168 nm. This is
the only layer in the active region showing a roughness higher
than the 0.1 nm, estimated from the XRR. In fact, the interface
roughness is estimated to be clearly less than one monolayer,
as obtained from the HRSTEM images.

Device Fabrication. The whole device fabrication scheme
consists of multiple steps, including the etching of the
implemented CGDFBs into the m-plane ZnO/ZnMgO layer
structure in a CH,/H,/Ar RIE-plasma, followed by a wet
(smoothing) etch in diluted HCI (details given elsewhere™").
In order to significantly reduce surface leakage effects, well-
known to etched ZnO-based structures,” the sample was
treated with H,O, for 5 min at 95 °C. This forms an oxygen-
rich top-layer*® and cures deep level defect states’’ in the
etched ZnO surface, strongly reducing the carrier concen-
tration at the sample surface. Hence, leakage currents are
effectively suppressed by more than 2 orders of magnitude.**
The hydrogen peroxide passivation is followed by a covering
the entire sample with 1.6 ym of SiN to protect and passivate
the sample surface, only exposing the electrical contact area. In
the last step Ti/Au (thickness: 10 nm/200 nm) contacts are
sputtered on top of the sample. The right-top inset of Figure 3
shows a scanning electron microscope image of a typical final
device.

Optical Measurement. The cleaved devices were indium
soldered on copper submounts, wire bonded, and mounted on
the coldfinger of a He flow cryostat. Current pulses with pulse
widths between 200 ns and 1.7 us and a constant interval of
1.91 us were applied. In addition, a modulation at 415 Hz was
used to match the frequency response of the Si bolometer
while minimizing the thermal effect from device heating. The
emission from the devices was collected by an f/1 off-axis
parabolic mirror and sent into a home-built vacuum Fourier
transform infrared spectrometer (FTIR) equipped with a Si-
bolometer for spectrum and intensity measurements. The
emitted light was collected in the step scan mode using the
lock-in technique. The phase of the lock-in amplifier was prior
calibrated by a surface emission THz QCL.**
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