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ABSTRACT   

In this work we show the potential of the ZnO/ZnMgO material system for intersubband (ISB)-based devices. This family 
of alloys presents a unique set of properties that makes it highly attractive for THz emission as well as strong coupling 
regimes: it has a very large longitudinal optical phonon energy of 72 meV, it can be doped up to ~1021 cm-3, it is very ionic 
with a large difference between the static and high frequency dielectric constants, and it can be grown homoepitaxially on 
native substrates with low defect densities. The films analyzed here are grown by molecular beam epitaxy (MBE) on a 
non-polar orientation, the m-plane, with varying QW thicknesses and 30% Mg concentrations in the barrier, and are 
examined with polarization-dependent IR absorption spectroscopy. The QW band structure and the intersubband 
transitions energies are modeled considering many body effects, which are key to predict correctly the measured values. 
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1. INTRODUCTION  

 
ZnO-based QWs have recently started to show their potential for intersubband devices working from the mid-IR to the 
THz spectral regions1,2,3,4. Particularly, through the ZOTERAC project (www.zoterac.eu), funded by the European 
Commission, we have started to give the first steps towards THz emission with quantum cascade lasers (QCLs), and 
detection with quantum well infreared detectors (QWIPs) and quantum cascade detectors (QCDs). All these devices use 
the concept of an optical transition within energy levels of the same band, typically the conduction band, and thus only 
require of one type charge carrier: electrons5. These type of devices are therefore unipolar, avoiding the issues and 
limitations that arise with p-type doping in ZnO and related oxides. Here we show that ZnO/ZnMgO QWs can readily be 
grown by MBE with a very high control over the QW thickness, doping, and interface, as well as Mg incorporation in the 
barrier1. Moreover, reaching the THz spectral region with ZnO should benefit from its very high longitudinal optical (LO) 
phonon, 72 meV (or 590 cm-1)6, around twice that of GaAs, the dominant technology in this type of intersubband devices. 
Not only the LO phonon energy is quite large, but the very high iconicity of this semiconductor yields very low values of 
the background dielectric constant (), which together with the high achievable dopings, should yield a very high coupling 
coefficient between phonons and the intersubband transitions2. This coupled system is the so called intersubband polaron. 

 

One of the problems that arise with ZnO is that unlike GaAs, its wurtzite structure presents an internal electric field parallel 
to the c-axis, which has a direct impact decreasing the oscillator strength of the QW transitions, and also affecting the QW 
energy, through the quantum confined Stark effect. This issue can be overcome in this type of wurtzite crystal structure if 
one uses a non-polar orientation of the crystal, where the c-axis and the internal electric filed is parallel and not 
perpendicular to the QWs7. This is done in our case using m-plane MQWs homoepitaxially grown on m-ZnO substrates. 
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2. DESCRIPTION OF THE SAMPLES 

 
The samples analyzed here were grown by molecular beam epitaxy on m-plane ZnO substrates, and consist of a ZnMgO 
(30% Mg) buffer layer on top of which 15-20 ZnO/ZnMgO QWs were grown, also with 30% Mg in the barriers. The 
barrier thickness is 10-15 nm and the QW thicknesses were varied from 2.7 to 3.7 nm. In order to enhance intersubband 
absorption, the doping of the QW is controlled to achieve an electron concentration of 1 × 10ଵଽ cm-3, such that the Fermi 
energy is found between the first and second QW energy levels, and thus only the first level is populated, whereas the rest 
of levels are left unpopulated. In order to couple the light into the QWs meeting the intersubband absorption selection rule, 
by which the electric field has to be polarized perpendicular to the QWs, multipass waveguide samples were prepared. 
These waveguides had two facets mechanically polished to optical quality, both at 45º to allow coupling of p-polarized 
light, and the substrate was also polished to optical quality to allow the internal reflection. The waveguides were processed 
such that the propagation of light happened perpendicular to the c-axis.  
 

3. DESIGN OF THE SAMPLES 

 
The control of two key parameters is needed in order to obtain intersubband absorption: the QW thickness and the barrier 
height. Moreover, one has to account for the fact that the ZnO reststrahlen band is found between 409 and 590 cm-1, and 
in this spectral region the material is so opaque there is no light detection at the other end of the waveguide. Multiphonon 
absorption also strongly appears at higher energies than the reststrahlen band, and thus can also shadow the observation of 
the instersubband transitions. Thus, and as a first step, we seek for transitions in the mid-IR, below 10 µm in wavelength. 
Since different combinations of QW thickness and Mg contents in the barrier can lead to intersubband absorption in the 
mid-IR, we model first the different transitions. To do so, one has to account for the effective mass of ZnO, 0.246, and for 
that of the barrier, which is Mg dependent, which we take to be 0.283,4. 
 
Regarding the effect of the barrier, the bandgap of ZnMgO needs be known together with the band offset between ZnO 
and ZnMgO. One of the major issues with ZnO and also ZnMgO is that the excitonic bandgap is different from the real 
bandgap, and also that the exciton binding energy changes with Mg content in the ternary. There are different reports on 
the subject, but the work by Neumann et al.8 clearly shows experimentally that the ZnMgO bandgap increases roughly by 
25 meV/ %Mg. This value is actually not far from that reported from modeling by Yin et al.9, where they obtain 23 
meV/%Mg. Here we use the former value for all calculations. 
 
To model correctly the intersubband transitions in these alloys, the additional issue is that the ZnO/ZnMgO conduction 
band offset is not well known. There are only a few reports on the topic from which, somehow indirectly, conduction band 
offset values in the 0.65-0.70*Eg are obtained 3,4,9. As we will show below, using a value of 0.67, halfway between the 
reported numbers, yields good agreement with the experimentally observed transitions. 
 
Figure 1 shows the effect that the variation of the QW thickness and Mg content in the barrier have on the intersubband 
transition between the first two confined levels. As shown in the figure, in order to achieve emission in the mid-IR a QW 
thickness in the 3-4 m range can be used provided that the Mg content in the barrier is increased up to 30 %. Thus, the 
samples were designed with QW thickness varying from 2.7 to 3.7 nm, keeping the Mg content in the barrier constant at 
30 %. 
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Figure 1.  Calculated dependence of the intersubband absorption wavelength on the QW thickness and Mg content in the 

barrier. 
 

4. ISBT RESULTS 

 
The absorption of the MQW structures processed as multipass waveguides was measured with both s- and p-polarized 
light in a Fourier Transform Infrared spectrometer. Taking the p-to-s polarized spectra ratio allows to get rid of the effect 
of the substrate absorption as well as from free carrier absorption in the QWs, and thus the intersubband absorption can 
clearly be observed. Figure 2 shows the results from three QWs where only the QW thickness has been changed from 2.7 
to 3.7 nm1. The intersubband transitions have well defined absorption peak wavelengths from 3 to 5 mm,  
and show a full width at half maximum around 750-800 cm-1. The peak energy clearly shifts to lower energy for increasing 
QW thicknesses, indicating that a very high control over the QW thickness is viable using MBE growth. 
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Figure 2.  p to s polarization absorbance spectra ratio for the three MQWs presented in this study. 

 
 
The modeled values for the intersubband transition energies clearly present the same trend with QW thickness, although a 
sizeable mismatch appears respect to the experimentally obtained values. This difference can only be explained if one 
accounts for many body effects in the QWs. If we first include the effect of the charge distribution along the QW, we need 
to solve self consistently Schrödinger and Poisson’s equations. When this effect is accounted for, the transitions are shifted 
to lower values as a result of band bending, as shown in Fig. 3b, compared to the ideal QW potential profile (Fig. 3a). 
Second, if we also add the effect of exchange correlation between electrons in the QW, the QW band structures is further 
deformed, now increasing the intersubband transition energies (Fig. 3c). 
 
 

(a)

 

(b)  

 

(c)

 
 

 
     Figure 3. Schematic of one quantum well of the sample presented in this work as calculated from self-consistent solving 
of: (a) Schrödinger’s equation; (b) Schrödinger’s and Poisson’s; (c) Schrödinger’s and Poisson’s equations with exchange 
correlation. The red line indicates de Fermi energy. 
 
 
 
However, of all effects, the most important one is the depolarization shift10,11. This effect arises from the screening of the 
electric field due to the oscillation of the electrons in the QW, and although it typically was quite small in GaAs 
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intersubband devices, it becomes large here for two reasons. First, the doping level is quite high. Second, the depolarization 
is driven by the background, high-frequency dielectric constant, which in ZnO is 𝜖ஶ = 3.7, much lower than that of GaAs 
(10.9). Thus, the final effect on the intersubband transitions becomes quite large and needs be accounted for. 
 
Figure 4 shows the experimentally measured intersubband transitions energies as a function of the QW thickness and the 
modeled results. It is clear that while the plain Schrödinger model does not yield a good match with the data, when the 
effect of the various many body effect mechanisms is accounted for, an excellent matching with the experimental values 
is obtained. 
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     Figure 4. Comparison to the experimental data of the modeled intersubband transition wavelength in the ZnO/ZnMgO 
MQWs using the basic Schrödinger model, or the full model including many body effects: Poisson, exchange correlation 
and depolarization shift. 
 
 

5. CONCLUSIONS 

In conclusion, we have shown that intersubband transitions in the mid-IR can be obtained with ZnO/ZnMgO MQWs doped 
with 1x1019 cm-3. By using barriers with 30 % Mg, a careful control of the QW thickness by molecular beam epitaxy from 
2.7 to 3.7 nm allows to tune the absorption peak from 3 to 5 m. These MQWs are homoepitaxially grown on ZnO, 
allowing to reach films with low defect densities and high optical efficiencies, and use the non-polar m-plane orientation 
thus avoiding the detrimental effect of the quantum confined Stark effect on the oscillator strength. In order to properly 
model the band structure of these films, many body effects need be used since the doping concentrations are high, including 
Poisson, exchange correlation effects, and depolarization. 
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