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Observation of Intersubband Absorption in ZnO Coupled Quantum Wells
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Intersubband transitions in ZnO material systems are predicted to be promising candidates for infrared
and terahertz (THz) optoelectronic devices due to their unusual material properties. In particular, the tem-
perature performance of THz quantum cascade lasers is postulated to be significantly enhanced using ZnO
material systems due to their large optical phonon energy. Taking a step forward toward that goal, inter-
subband transitions in ZnO/Mg_Zn;_,O asymmetric coupled quantum wells are observed on a nonpolar
m plane ZnO substrate. Two absorption peaks are observed in the energy range from approximately 250
meV to approximately 410 meV at room temperature, unambiguously demonstrating the interwell cou-
pling in the asymmetric coupled quantum wells. A theoretical model taking into account the interaction
between intersubband transitions shows reasonable overall agreement with the experimental results, thus
proving the strong coupling nature of the investigated system. As the building block of complex quan-
tum structures based on intersubband transitions, the results presented show great potential applications of

ZnO/Mg, Zn,_,O material systems in infrared and THz optoelectronics and physics.
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I. INTRODUCTION

Zinc oxide (ZnO) is a direct band-gap semiconductor
material, which has been widely investigated thanks to its
favorable physical and chemical properties. For instance,
the large band-gap (3.37 eV) and exciton binding energies
allow the realization of efficient excitonic nature devices
such as light-emission diodes (LEDs) [1-3] and lasers at
ultraviolet (UV) range [4—6]. In fundamental physics, both
the quantum Hall effect (QHE) [7] and the fractional quan-
tum Hall effect have been observed [8,9]. The latter can
only be explained by the strongly correlated carriers driven
by the strong Coulomb interaction, which is significantly
enhanced by the large effective mass (0.24 mg, where my
is the free electron mass) of the electrons in the ZnO
material system [10]. While being extensively studied, an
underexplored yet extremely interesting property of ZnO
is its large optical phonon energy (approximately 72 meV)
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compared with those of GaAs and (In, Ga)As commonly
used for the intersubband optoelectronic devices. Even
though the p doping of ZnO remains a huge challenge, it
does not hinder ZnO from being a candidate for unipolar
devices based on intersubband transitions (ISBTs), such
as quantum cascade detectors (QCDs) [11,12], phonon-
polariton lasers [13], and quantum cascade lasers (QCLs)
[14], especially in the THz range at high temperature [15].
In fact, for ISBTs below the optical phonon energy of
ZnO [e.g., in the terahertz (THz) range], the population
inversion of THz QCLs is significantly enhanced at high
temperature due to the suppressed optical phonon emis-
sion rate, thus significantly enhancing the high temperature
operation of THz QCLs [16,17]. However, to achieve that
goal requires excellent growth quality of the material sys-
tem, such as the accurate control of the layer thickness over
the entire active region, the sharp heterointerfaces between
different layers to reduce the detrimental effect of interface
roughness, the constant doping level in all periods, and so
on. [18,19].

Compared with quantum wells (QWs) grown on a
polar substrate, the heterostructures grown on the non-
polar ZnO substrate are preferable as the quantum con-
fined Stark effect (QCSE) is significantly suppressed, thus
increasing the oscillator strength of the ISBTs [20]. The
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development of commercially available nonpolar, native
ZnO substrates and excellent growth control has led to the
first observation of the intersubband absorption for trans-
verse magnetic (TM) polarization in multiple QWs grown
on the m plane substrate [21]. However, for further appli-
cations, many devices based on intersubband transitions
require active structures beyond the single QW. There-
fore, detailed optical study of a pair of asymmetric coupled
quantum wells (ACQWs) [22], as the minimal building
block for QCLs and QCDs, is necessary. In this work,
we report the observation of intersubband absorption indi-
cating strong electron coupling in ACQWs based on a
ZnO/Mg Zn;_,O material system grown on a nonpolar
m plane ZnO substrate, which is a step forward toward
the realization of THz QCLs based on a ZnO/Mg, Zn;_,O
system.

I1. DESIGN AND STRUCTURAL
CHARACTERIZATION

The structure of multi-ACQWs studied in this work,
grown by the molecular beam epitaxy (MBE) on m plane
substrates, is shown in Fig. 1(a). Three ZnO/Mg,Zn;_,O
multi-ACQW samples with different Mg Zn,_,O barrier
thicknesses separating the coupled ZnO QWs are grown.
Detailed sample structures are shown in Table I. The active

TABLE I. Thickness in nm of the thin well, the large well,
the barrier separating both QWs, and the barrier separating each
period for samples 4—C. The thicknesses in the brackets are
the measured values deduced from the x-ray reflectivity and
scanning electron microscopy measurements.

Sample tow1 (nm) fow2 (nm) tg1 (nm) tg> (nm)
A 1.2(1.3) 2.5(2.7) 0.5 (0.5) 10 (10.0)
B 1.2 (1.3) 2.5(2.7) 1.0 (1.0) 10 (9.9)
(o 1.2 (1.3) 2.5(2.7) 1.5(1.5) 10 (9.9)

Position (nm)

regions of all samples consist of 20 periods of ACQWs to
enhance the intersubband absorption. The wide QWs are
uniformly Ga-doped to n ~ 5 x 10" ¢cm™3 for all sam-
ples to populate the ground energy level. A 100-nm-thick
undoped ZnO buffer is grown before the active region and
the growth is finished with a 10-nm-undoped Mg, Zn;_,O
capping layer. The Mg content (30%) is kept constant for
all the samples. Detailed MBE growth conditions can be
found in Ref. [18]. The conduction band diagram of one
of the ACQWs with a 1-nm-thick Mg, ;Zn;0 barrier
is shown in Fig. 1(b), with arrows indicating the ISBTs.
To model the ISBTs in ACQWs, a Schrédinger—Poisson
solver, including the exchange-correlation effect [23] due
to high doping level, is self-consistently solved to calcu-
late the transitions in order to take into account the band
structure modifications due to the inhomogeneous carrier
distribution within the structure. For the parameter used,
following Ref. [21], the band offset between the QW and
the barrier is taken as AE, = 0.675AE,, since the reported
values vary from 0.65AE, to 0.7AE, [24-26], where AE,
is the difference in band gap between the two semiconduc-
tors in the junction and is calculated as 25 meV % of Mg in
the barrier. The effective masses of the QWs and the bar-
riers are taken to be same as the ZnO polaron mass (0.28
my), due to the strong interaction between electrons and
phonons in this highly ionic material, where my is the free
electron mass. The calculated band diagrams for all sam-
ples mainly consist of three energy levels, labeled Ey, £,
and E,, respectively. The Fermi level is indicated by Er.
ISBTs with different transition energies are expected for
all the samples due to varied coupling strengths between
the ZnO QWs.

In order to investigate the layer thicknesses and the
heterointerface properties, the as-grown samples are char-
acterized by high-angle annular dark-field imaging, scan-
ning transmission electron microscopy, (STEM HAADF)
and x-ray reflectivity from which the thicknesses of the
QWs and barriers can be obtained. Figure 2(a) is a STEM
HAADF image of sample A, showing 20 periods of the
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ACQWs. The enlarged view of three periods is shown in
Fig. 2(b). As reported before [27], the ZnO/Mg, Zn;_,O
QWs grown on nonpolar m plane ZnO substrate feature
a V-shaped groove grating with orientation parallel to the
c axis. The same feature is also observed in Fig. 2(b).
Despite this V-shaped morphology, a homogeneous growth
of the Mg, ;Zn( 70 barrier of 0.5-nm thick can be read-
ily recognized. The STEM HAADF images reveal an
excellent structure and periodicity control and a good inter-
face quality. To independently verify the growth quality,
further material analysis is investigated by x-ray reflec-
tivity (XRR). Through comparison with the numerical
simulation, several material properties can be derived, for
instance, layer thickness (shown in Table I) and interface
roughness. Figure 2(c) displays the experimental x-ray
reflectivity spectra of all the investigated samples. Regu-
larly spaced peaks can be observed for all samples. They
represent constructive interferences from the sample peri-
odicity. Thus, their angular positions can be used to mea-
sure the period thickness (i.e., fqwi + 51 + fow2 + #52).
Note that the change of sample periods is evidenced by
the position shift of the reflectivity peaks. Sharp interfer-
ence peaks can be easily observed, indicating an abrupt
interface between QWs and barriers, a constant roughness
between different layers, and a uniform thickness among
different periods. However, this is not sufficient to inde-
pendently determine the thicknesses tqw1, 31, fow2 and 73>
because ZnO and (Zn, Mg)O do not have identical growth
rates. To do so, we use a calibration layer grown with
the same growth conditions as the investigated samples.
It consists of thick ZnO and (Zn, Mg)O layers from which
we can deduce the ZnO and (Zn, Mg)O growth rates by
scanning electron microscopy (SEM) measurements. By
coupling the results of XRR and SEM, we are able to
independently determine thicknesses with a precision of
1 monolayer (ML). Such high precision is important for
accurate determination of the ISBTs in the ACQWs. As
shown in Table I, the measured thickness shows excel-
lent agreement with the designed values. For comparison,
the simulated and experimental XRR spectra of sample
A are shown in Fig. 2(d), where a peak is missing at
26 =1.94°. This peak extinction comes from a destruc-
tive interference. As for constructive interferences, this
destructive interference originates from the sample peri-
odicity. The simulation gives a QW thickness of 2.8 nm
to explain this extinction, which is very close to the tar-
geted thickness for QW2 (2.5 nm, see Table 1), and in
agreement with STEM thickness measurement if an error
of £0.3 nm is considered. The structure surface morphol-
ogy is also characterized with an atomic force microscopy
(AFM). A typical AFM image of sample A4, with a scan
area of 10 x 10 um?, is shown in the inset of Fig. 2(c), with
a root-mean-square (RMS) surface roughness of 0.37 nm,
which is consistent with the value obtained from x-ray
reflectivity.
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FIG. 2. (a) Cross-section HAADF STEM image of sample 4

consisting of 20 periods of ACQWs. (b) Enlarged image of
ACQWs of three periods, where the 0.5-nm-thick Mg, ;Zn ;0
barrier is readily distinguishable. (¢) X-ray reflectivity spectra
for all the studied samples. The inset shows the AFM image of
sample A, with a root-mean-square surface roughness of 0.37 nm
ina 10 x 10 um? scan area. (d) Simulated and experimental XRR
spectra of sample 4.

II1I. INTERSUBBAND ABSORPTION
MEASUREMENTS AND DISCUSSION

For infrared absorption measurements, the backsides of
the samples are mechanically polished to optical quality
with diamond paper of 500-nm-grain size. The trans-
mission measurements of both TM and TE polarizations
are performed at room temperature using fast scan in a
Bruker Fourier transform infrared spectrometer (FTIR)
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with a deuterated triglycine sulfate (DTGS) photodetec-
tor. A KRS-5 holographic wire-grid polarizer is inserted
in the optical path to select the TM or TE polarizations
of the incident light on the samples. The absorption is
measured using the single-pass Brewster’s angle geom-
etry and a home-built holder, with an incident angle of
approximately 62° (nz,o ~1.9 at A ~3 um). As the ¢
axis lies in the plane of QWs, to suppress the anisotropic
effect of the material, the TM polarization is chosen to
have an electric field perpendicular to the ¢ axis, whereas
the TE polarization has an electric field horizontal to the
¢ axis (see Supplemental Material [28]). To subtract the
polarization dependence of the optics in the spectrome-
ter, two background transmission spectra (7:22k, 7:22¢k) are
also recorded. Together with the two transmission spec-
tra with samples (752, T5%%') the absorption can be
calculated as

Absorption = — In(Tig™ / THEY) + In(Ti™ / 7).
(M

Figure 3 displays the normalized absorption for three
investigated samples at room temperature. Absorption sig-
nals are visible from approximately 1200 cm~! to approx-
imately 4800 cm~!. Compared with the single QW case,
which exhibits a single absorption peak [21,24,29], two
absorption peaks are distinguishable for all the samples.
The absorption spectra show a strong TM polarization
dependence, thus demonstrating the same selection rule for
intersubband transitions as in a single QW structure [21].
The absorption below 1200 cm™! is due to the multiphonon
absorption of the m plane ZnO substrate. Layer thicknesses
deduced from the x-ray reflectivity method are used in the
calculation. As in the case of a single QW, a significant
change of the transition energy due to the depolarization
shift is also considered because of the high doping. The
charge-induced coherence due to the strong dipole-dipole
Coulomb interaction between ISBTs cannot be ignored due
to the high doping level [30,31], thus leading to the for-
mation of multisubband plasmons (Supplemental Material
[28]). To take into account the charge-induced coherence
effect, a complete quantum model in Ref. [31] based on
the dipole representation is used to explain the observed
absorption spectra. In the calculation, each multisubband
plasmon transition is assumed to have a Gaussian line
shape due to the long-range interface fluctuation and the
heavy mass of the ZnO quantum well, with the line width
as a fitting parameter. In the calculation, the half width at
half maximum (HWHM) of for all the transitions is kept at
560 cm~!, which is calculated by considering the interface
roughness as the main broadening mechanism and tak-
ing the multiple QW ZnO absorption as a reference (e.g.,
HWHM is 420 cm™! in this case). However, it should be
noted that the line width of the low energy absorption may
be underestimated in the calculation. To accurately locate
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FIG. 3. Intersubband absorption spectra (blue dotted line) for
all the samples in the study with FTIR. The spectra are cali-
brated using Eq. (1). The red solid lines show the corresponding
calculated spectra.

the transition energies of the intersubband absorption, the
absorption spectra are fitted with a sum of two Gaussian
peaks, with peak energy and the FWHM as the free param-
eters. The experimental peak energies and intensity ratios
obtained using the above process are compared with the
numerical values in Fig. 4, where the inset shows the com-
parison of the absorption spectrum of sample 4 and two
fitting Gaussian spectra. Though a more advanced numer-
ical simulation method provides a better description of the
carrier dynamics in complex quantum structure, the simpli-
fied model used here shows reasonable overall agreement
with the experimental results, given the extreme sensitivity
of the ISBTs on the ACQWs parameters. In the absorption
spectra, two main peaks can be easily distinguished, which
are located at approximately 2000 cm™! and approximately
3500 cm™!, respectively. Physically, in the multisubband
plasmon picture, the low energy peak mainly consists of
transition Eg = E;—Ey, whereas the high energy peak
mainly consists of transition £y = E,—F(. As the bar-
rier thickness increases from 0.5 to 1.5 nm, the coupling
between the two QWs decreases.
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gle) intersubband absorption peaks for all the samples. The inset
shows the comparison of the experimental absorption of sam-
ple 4 and two Gaussian fitting functions. (b) Experimental and
calculated intensity ratios for all the samples.

Accordingly, in the single particle picture, it is shown
that the ratio between oscillator strengths fy1/f, is calcu-
lated to decrease by a factor of approximately 10, where
fo1 and fo, correspond to the oscillator strengths of transi-
tions Eg; and E,, respectively. As a result, the calculated
absorption ratio R = A; /Ay, where Ay and Ay correspond
to the absorption amplitudes of observed low- and high-
energy multisubband plasmons, respectively, decreases
from 0.75 to 0.41, which is in reasonable agreement with
the experimental value (0.67 to 0.37) obtained by compar-
ing the amplitudes of two fitting Gaussian functions [in
Fig. 4(b)]. We notice that the fitted HWHM of the ISBTs
absorption is in the range of approximately 420 cm~! to
approximately 600 cm™!, which is larger than the mea-
sured value in the multiple QW with similar doping levels
(HWHM ~ 400 cm~! in the m plane) [21]. We attribute
this to the enhanced detrimental impact of interface rough-
ness from the tunneling barrier. As the wave functions
exhibit large amplitudes at the interface, stronger scatter-
ing is expected, thus leading to a broader line width. The
absorption line-width broadening has also been observed

in the ACQWs based on a GaN/AIN material system [22],
which shows line widths to 2—3 times of the state-of-art
single QW value.

IV. CONCLUSION

In conclusion, we report the direct observation of
intersubband optical transitions in ACQWs based on a
Zn0O /Mg 3Zn, 70 material system grown by MBE on non-
polar m plane substrates. The grown ACQWs structures are
systematically characterized, assuring excellent material
quality for ISBT-based studies, with a thickness control
below one monolayer. Using the Brewster’s angle absorp-
tion geometry, the strong coupling between two QWs is
evidenced by the observation of two intersubband absorp-
tion peaks. The absorption peaks feature broader line
widths than the single QW value, resulting from the more
pronounced interface roughness scattering in the ACQWs.
Using a simple Schrédinger-Poisson solver and a complete
quantum model including interaction between different
intersubband transitions, the theoretical simulation pro-
vides reasonable agreement with the experimental results,
which unambiguously demonstrates the strong coupling
between the two quantum wells. The discrepancy between
the theory and experiment may be attributed to the uncer-
tainties of the material parameters (e.g., effective mass and
band offset), the fluctuation of the layer thickness, that is,
ML variation, and the V groove shape of the heterostruc-
tures. The investigation of the impact of the V groove
shape on the absorption is now underway. These results
show a step forward in the realization of ZnO/Mg,Zn;_,O
optoelectronic devices based on ISBTs, especially THz
QCLs.
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