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GaInN/AlInN multiple quantum wells were grown by RF plasma-assisted molecular beam epitaxy on (0001) GaN/sapphire substrates. The
strain-engineering concept was applied to eliminate cracking effect and to
improve optical parameters of intersubband structures grown on GaN substrates. The high quality intersubband structures were fabricated and investigated as an active region for applications in high-speed devices at telecommunication wavelengths. We observed the significant enhancement of intersubband absorption with an increase in the barrier thickness. We attribute this effect to the better localization of the second electron level in
the quantum well. The strong absorption is very important on the way to
intersubband devices designed for high-speed operation. The experimental
results were compared with theoretical calculations which were performed
within the electron effective mass approximation. A good agreement between experimental data and theoretical calculations was observed for the
investigated samples.
PACS numbers: 78.30.Fs, 78.67.De, 68.65.Fg, 73.21.Fg, 81.15.Hi

1. Introduction
The Al(In)N/Ga(In)N material system, with its large conduction band discontinuity of ≈ 1.9 eV, attracts increasing attention for intersubband (IS) devices
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operating at the technologically interesting wavelength range around 1.55 [1–11].
The true application potential of nitrides, however, is most likely related to its
ultra-short IS scattering times of the order of 140 fs [8]. Unipolar devices relying
on IS transitions open new perspective for ultrafast fiber optoelectronic, where using them a significant increase in the bit rate in a single channel of the fiber could
be achieved. However, in spite of many scientific efforts in research laboratories
the development of high speed IS devices is still an open issue [9, 12]. The main
problem is the big lattice mismatch between AlN and GaN, which can lead to the
appearance of cracks or defects. One can overcome the cracking and defects problems [13, 14] using the strain engineering of AlInN/GaInN multiple quantum wells
(MQWs) and the GaN substrate [10, 15]. The successful growth of high quality IS
structures on GaN substrates opens new perspectives for IS devices. In this way
the IS structures are not limited of poor quality of AlN substrates or problems
with doping of high aluminum content AlGaN layers.
We present our recent results for IS absorption of AlInN/GaInN structures,
which fulfill optical requirements for the device application. Due to partially strain
compensation we were able to increase the barrier width which apparently amplify
the strength of IS absorption at telecommunication wavelengths. The obtained
absorption is especially attractive for the ultrafast IS devices, where small sizes of
the mesa are required.
To explain the enhancement of IS absorption we compare the experimental data with theoretical calculations. We will discuss a possible explanation of
this physical phenomenon. The proper understanding of it could facilitate the
appropriate design of devices.
2. Experiment
In this paper we present our results obtained for AlInN/GaInN IS structures. The structures have been grown with plasma assisted molecular beam epitaxy (PAMBE) on Ga polar GaN/Al2 O3 templates. More details on the growth
procedure and structural investigations can be found in Refs. [10, 15]. The recent improvement of our technology and design IS structures resulted in a large
increase in IS absorption per one quantum well. For this communication we have
compared the results obtained for two similar IS structures. Our structures are
presented in Fig. 1. The both samples have the same quantum well (QW) thickness and QWs were uniformly doped with Si at a level of 1 × 1020 cm−3 . The main
difference between sample A and sample B (reference sample) is the quantum well
barrier thickness. The barrier thicknesses of samples A and B are 5.5 and 2.2 nm,
respectively. These IS structures have been characterized by X-ray diffractometry (XRD) (Fig. 2). We observed several satellite peaks from the AlInN/GaInN
superlattice. This large amount of satellite peaks confirms very good periodicity
of the structure. We used simulations for the ideal layered structures to determine the period of MQWs and to approximate the layer compositions. The good
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Fig. 1.
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Layer structures of AlInN/GaInN MQW samples.

Fig. 2. Result of XRD measurements made on Al0.93 In0.07 N/Ga0.9 In0.1 N IS structure
(continuous line) and numerical simulation (dotted line), which confirms the assumed
structure.

agreement between experimental data and simulation shows a good quality of the
structure. To determine strain and relaxation of the layers, we used the XRD
mapping technique (which detects the change of lattice parameters c and a). The
result of XRD mapping is shown in Fig. 3. Here one can see layer and superlattice
peaks which are partially relaxed to the GaN substrate. We have used the data
of XRD reciprocal space mapping and simulations as an input to the theoretical
calculations.
The absorption experiments were performed in the Fourier transform infrared (FTIR) setup at room temperature. The samples were prepared for the
geometry measurement of the multipass waveguide. Prepared samples are placed
at Brewster’s angle with respect to the incident beam of the FTIR. The incident
light is either s-polarized (TE) or p-polarized (TM). The more details can be found
in [10, 15]. The results of IR transmission are shown in Fig. 4. The upper inset
shows the scheme of the IS measurement and light polarizations. The left part of
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Fig. 3. The reciprocal space map of the sample A. The XRD measurement shows the
strain state of the layered structure of the sample.

Fig. 4. Room temperature transmission measurements for p-polarized (solid line) and
s-polarized (dotted line) light. The measurements were done in multipass waveguide
geometry schematically presented in the upper part of the figure. Sample A shows
enhanced IS absorption, results of IS transmission of sample B is presented for the
comparison. T was calculated using the formula T = 100% × (Tmax − Tmin )/Tmax .

this figure shows the transmission result of the sample A. One can see the strong
IS absorption (90%). The calculated IS absorption per one pass of the QW is
0.17%. The right part of the figure presents the IS transmission for the reference
sample (sample B). Barriers, in this reference sample, are two times thinner and
the amount of QWs is doubled. For this sample IS absorption is much lower i.e.
50% which corresponds to the value 0.048% calculated per one QW pass. In comparison with the sample A the reference sample shows the 3.5 times weaker IS
absorption. The IS absorption of the sample A, because of the exceptional strong
absorption, has been measured at Brewster’s angle of incidence. Figure 5 shows
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Fig. 5. Room temperature transmission measurements at Brewster’s angle of incidence
for sample A. The presented data for p-polarized light shows 2% of IS absorption.

the transmission, where the arrow indicates the position of the IS absorption.
Strong Fabry–Perot oscillations, which are visible in Fig. 5, are ascribed to multireflections between the surface and the interface GaN/sapphire. Nevertheless the
IS absorption is clearly evident in this figure.
3. Theoretical calculations and comparison with IS experiments
The experimental results have been compared with theoretical calculations
which were performed within the standard electron effective mass approximation.
In order to find the electron confinement potential, we have considered spontaneous
and piezoelectric polarizations in this system with material parameters taken after
Ref. [16]. It has been assumed that the total potential drop in one period of the
structure equals zero and the electric field in the QW and barrier was calculated
according to this assumption [17]. We have considered two situations: the first
one with the QW width of 1.55 nm and the barrier width of 6 nm and the second
one with the same QW width and twice narrower barrier width (i.e. 3 nm width
barrier). The two situations correspond to two samples which are considered in this
paper. In a real system the shape of electron potential can be a little bit different
due to uncertainty in material parameters, etc., but trends in the calculations can
be extrapolated to a real system, i.e. the two MQWs which are considered in this
paper. A detailed theoretical analysis for this system will be presented elsewhere.
Figure 6 shows the confinement potential for GaInN/AlInN QWs together
with the modulus of electron wave functions for the first and the fourth electron
levels (let us note that from the “calculation” point of view, it is a system of
three QWs embedded in a deep QW). It is clearly visible in this figure that the
coupling between QWs is negligible for the system with 6 nm wide barriers. In
this case, the electron wave functions are localized in one QW region and each
QW can be considered independently. The coupling between QWs starts to be
important for QWs with narrower barriers. In this case, the energy coupling for
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Fig. 6. Electron confinement potential together with energy levels and modulus of
electron wave function for the first and the fourth electron and levels.

the ground state transition (the energy difference between the first and the third
electron levels) is small (< 1 meV) but the electron wave functions are distributed
through all three QWs. In the case of the excited states (n > 3), the potential
of AlInN barrier drops below the energy of this state (see Fig. 6) and therefore
the excited states should be treated as semi-confined and/or above-barrier states.
It is expected that the oscillator strength is stronger for the first situation where
both states (the ground and excited ones) are strongly localized in one QW. In the
case of the second situation the intersubband absorption can be weaker since it is
an absorption between localized states and semilocalized states. We believe that
the situation realized in our samples is very similar to this which was analyzed
theoretically.
4. Conclusions
The results of IS absorption experiments for AlInN/GaInN are attractive for
ultrafast devices. Due to the strain engineering concept we overcame the cracking
problem for thick barriers on GaN substrates. We found a significant increase in
IS absorption with the increase in the barrier width. We attribute this effect to
the better localization of electron levels in the QW region, i.e., each QW can be
treated independently for a system with wider barriers. Further experimental and
theoretical works are required to the better precision of structure parameters and
improve the device design.
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