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A B S T R A C T   

We investigated the mid-infrared optical properties of GaN/Al(x)Ga(1-x)N-type heterostructures on sapphire 
substrate grown by the Metal-Organic Chemical Vapor Deposition. We show how the polarization-dependent 
reflection spectrum is affected by the presence of the strain-induced 2D electron gas at the interfaces between 
Al(x)Ga(1-x)N and GaN layers. In particular, we show that the 2D electron gas contribution, modeled from its 
density and transport properties, can play a relevant role at the Berreman mode excitation condition. In this 
framework, our results offer an advanced approach for the optimization and design of GaN-based broadband 
optoelectronic and energy management devices.   

1. Introduction 

The interest in the electromagnetic properties of GaN/AlxGa(1-x)N 
heterostructures extends over a broad band from the visible/near UV to 
the GHz regimes [1,2]. Thanks to the formation of a strain-induced thin 
electron gas layer at GaN/AlGaN interface [3] and to the large energy 
gap, it is possible to design GaN-based optoelectronic devices for a huge 
number of applications where ultrafast, low-losses electronics can be 
combined to state of the art optical devices. For instance, GaN 
high-electron mobility transistors (GaN HEMTs [4]) have shown supe
rior performance in various high-efficiency high power density appli
cations and, at the same time, GaN technology has enabled the 
development of compact, low-cost blue and violet lasers [5]. Moreover, 
its high second-order nonlinear response combined with the ability to 
tailor the effective dispersion in multilayer structures provided fertile 
ground for the design of nonlinear frequency conversion devices, for 
example [6–8]. 

One of the promises of gallium and aluminum nitrides is the prospect 
of forming heterostructures for electronic and photonic applications. 
More recently GaN-based heterostructures have been intensively 
investigated also in the middle (mid-IR) and extreme infrared regions 
(up to THz) [9–11]. Indeed, being a polar material, GaN shows a 
negative permittivity in the mid-IR between the longitudinal optical 

(LO) and transverse optical (TO) phonon frequencies, called Rest
strahlen band (RB) [12]. The interest in this region stems from the fact 
that the RB is a low-loss frequency band with negative permittivity 
enabling surface phonon polaritons (SPhP) excitation for enhanced 
material-light interactions [13]. Moreover, polar materials at the LO 
phonon frequency, are characterized by a vanishing real part of 
permittivity and a very small imaginary part [14] acting as a natural 
epsilon-near-zero (ENZ) material. This behavior opens the way to a huge 
number of potential IR applications ranging from high-field confinement 
for enhanced spectroscopy [15,16] and nonlinear interactions [17–19] 
to tailored heat near- and far-field radiative heat transfer [20] and 
radiative cooling [21]. However, as in HEMT electronic devices, in 
multilayer systems the internal (spontaneous and piezoelectric) field 
induce the formation of 2D electron gas (2DEG) at each interface that 
contributes to the modulation of the structures electromagnetic prop
erties. Considering its typical electron density and mobility [22], the 
2DEG plays a main role up to the THz regime and it becomes negligible 
in the optical range. For the same reason we expect a weak effect in the 
IR for free propagating fields, however, a relevant contribution might 
appear when surface phonon polaritons are excited. In particular, we 
show that the effect of the 2DEG is not negligible for free-space propa
gating field around the ENZ condition if the heterostructure is deposited 
on a polar substrate (i.e. sapphire). Indeed, it is well known that in this 
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condition it is possible to excite Berreman modes [23] at the surface of 
the substrate as long as the LO phonon resonance of the ENZ material 
falls in the RB of the substrate. The Berreman mode is a leaky propa
gating surface mode where the ENZ material (i.e the GaN based heter
ostructure around the LO phonon resonance) enables evanescent wave 
coupling of an incident free-space propagating field to the surface 
polariton mode of the substrate and vice versa. We note that the Ber
reman mode can be excited only with p-polarized fields. Thus, its exci
tation is observed in the far field reflection spectra as a sharp 
polarization-dependent dip, revealing energy absorption from the sub
strate. Besides applications as tunable IR filters [24], the high field 
localization related to the excitation of the Berreman mode has been 
used to enhance nonlinear second harmonic generation in the mid-IR 
[25]. 

In the present work, we investigate the IR reflectance of GaN/ 
AlxGa(1-x)N heterostructures grown on a sapphire substrate using Metal- 
Organic Chemical Vapor Deposition (MOCVD) with the aim to evaluate 
the contribution of the 2DEG on the tunability and modulation depth of 
the Berreman mode. The experimental measurements were analyzed 
numerically using the generalized 4 × 4 transfer matrix method for 
anisotropic materials [26]. A thin (2 nm) layer with an effective complex 
dielectric permittivity was considered before every GaN/AlxGa(1-x)N 
interface (in Ga-face structures, as resulted with MOCVD growth, a 
2DEG is confined in the layer with the smaller bandgap close to the 
interface [27]) including a high-frequency Drude-conductivity of 2D 
electrons (2DEG). In order to deeply understand the effect of the 2DEG 
we consider as a first step a sample with only one GaN/AlGaN interface. 
We discuss the discrepancies between experimental and theoretical re
sults highlighting the role of the 2DEG, using the electron density and 
transport properties retrieved from the literature [10,22]. Then we study 
a complex heterostructure to investigate the effect on a multilayer sys
tem. We chose as an example a typical multilayer micro-cavity designed 
for visible applications. A complete study of the properties in the 
extended visible/mid-IR range is important for nonlinear frequency 
conversion applications as well as for radiative cooling/energy man
agement applications. However, it goes beyond the scope of this work. 
Here we focus on the mid-IR properties showing that the 2DEG contri
bution in the theoretical model improves the interpretation of experi
mental results and can be relevant in the design of multi-frequency, 
broadband devices including mid-IR surface wave excitation. 

2. Results and discussions 

To shed light on the effect of 2DEG, reflection spectra of GaN/AlGaN 
heterostructures on sapphire substrate have been acquired in the 400- 

1000 cm− 1 range using a Bruker INVENIO-R FTIR spectrometer with an 
incidence angle of 15◦. The characterization is conducted using one 
linear polarizer to address different polarization states of the incoming 
light ranging from s (0◦) to p (90◦). This setup allows us to excite the 
Berreman mode at the interface between the heterostructures and the 
substrate when the p-polarization is selected for the incident field. In the 
presence of this leaky surface mode we expect that the role of the 2DEG 
will be enhanced. Two samples have been investigated: the first one 
(sample A) consists in a typical HEMT structure where a single, well- 
defined 2DEG layer is formed at the GaN/AlGaN interface. As 
sketched in Fig. 1a, the 2DEG layer is located at the interface between 
the high-quality GaN buffer layer of 2000 nm and the 20 nm AlGaN layer 
with 30 % Al content. The high temperature (HT) AlN nucleation layer, 
directly grown on the Al2O3 substrate is polycrystalline [28] thus pre
venting the built up of the piezoelectric internal field and, consequently, 
any 2DEG at the interface between the AlN and the following 
high-quality GaN buffer layer. The second sample (B), depicted in 
Figure 1b, is a typical GaN/AlxGa(1-x)N multilayer device operating as a 
microcavity in the visible range. Here a 2DEG sheet is expected at every 
GaN/AlxGa(1-x)N interface, confined in the GaN layers and modulate by 
the different distribution of the strain field. We want to investigate the 
combined effect of multiple 2DEG sheets for the future design of 
broad-band GaN-based multifrequency devices operating from the near 
UV to the mid-IR. See the sample’s fabrication methods paragraph for 
more details. 

Experimental spectra for sample (A) and sample (B) for different 
incident filed’s polarizations are reported in Fig. 2a and b. We note that 
the mid-IR spectra show many analogies. The excitation of the Berreman 
mode is clearly visible at 736 cm− 1 for both sample (A) and sample (B). 
This condition is achieved around the ωLOz = 732.5 cm− 1 phonon fre
quency of the GaN, associated to an ENZ condition. The sharp reflec
tivity valley, corresponding to the Berreman mode, can be strongly 
tuned with the polarization of the incoming light. Specifically, for p- 
polarized light (90 deg) the maximum depth is reached, achieving a 
corresponding gain factor Q = 53 for sample (A) and Q = 49 for sample 
(B). This reflectance dip completely disappears when the incoming light 
is s-polarized (0 deg). We note that the modulation range of the reflec
tance dip is decreased in sample (B). Both experimental spectra display 
the modulating region between 840 and 910 cm− 1, related to the 
anisotropy of the sapphire substrate. The use of sapphire as a substrate 
ensures that the GaN LO phonon is centered in the sapphire Reststrahlen 
band. Under this condition, the Berreman mode can be excited at the 
interface between sapphire and GaN. The choice of a different substrate, 
for example silicon carbide (SiC), would result into a different frequency 
range, i.e. SiC’s Reststrahlen band 797-970 cm− 1 [10,29]. As a 

Fig. 1. a) sketch of Sample (A): a single 2DEG sheet is embedded between the Al0.3Ga0.7N and the GAN layer. No 2DEG is expected at the interface between GaN and 
the AlN nucleation (polycrystalline) layer; b) sketch of sample (B) consisting of a typical multilayer stack operating in the visible range. A 2DEG sheet is expected at 
every GaN/AlxGa1-xN interface. 
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consequence, the GaN LO phonon would fall outside this band. How
ever, SiC substrate can be used to efficiently excite the Berreman mode 
at interface with AlN (ωLO = 890 cm− 1) [29]. Other remarkable dif
ferences are due to the different contents of GaN and AlN. For instance in 
sample (A), Fig. 2a shows a deeper, almost polarization-independent, 
reflection minimum around 500 cm− 1 (being ωTOx = ωTOy = 537 cm− 1 

for GaN) with respect to sample (B). On the other hand, sample (B) in 
Fig. 2b displays a deeper minimum with respect to sample (A) around 
650 cm− 1 (ωTOx = ωTOy = 667 cm− 1 for AlN). 

The investigation of the contribution of the 2DEG has been per
formed by comparison of the experimental data with the theoretical 
predictions. The reflectivity spectra of the samples were modeled using a 
4 × 4 transfer matrix method for anisotropic multilayer stacks [26]. The 
dielectric permittivity tensors of GaN, as well as Al(x)Ga(1-x)N layers and 
sapphire substrate, have been retrieved using phonon oscillator models 
and parameters reported in Ref. [13]. With respect to a previous work 
[10] where the effect of the 2DEG has been investigated in the Long 
wavelength IR (LWIR) here we considered anisotropic models for all the 

Fig. 2. Polarization-dependent reflection FTIR spectra measured at 15 deg incidence angle for (a), Sample (A) and (b), Sample (B) sketched in Fig. 1a and b. Po
larization of the incident field was varied between 0◦ and 90◦ with a step value of 30◦. As a reference we included a sketch of the RBs for sapphire (red top bar) and 
for GaN(blue top bar) to show that the Berreman mode, excited near the GaN LO phonon resonance, falls almost in the middle of sapphire’s RB. 

Fig. 3. Polarization-dependent theoretical reflection spectra for (a), Sample (A) and (b), Sample (B) sketched in Fig. 1a and b. Polarization of the incident field was 
varied between 0◦ and 90◦ with a step value of 30◦. 
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layers with the exception of the first HT polycrystalline AlN layer which 
is, by definition, isotropic. As a first step we compare the experimental 
spectrum of both samples with the theoretical prediction obtained 
neglecting the 2DEG contribution. The obtained results, reported in 
Fig. 3 clearly show big discrepancies, mostly evident in the reflection 
dips. Moreover, according to theoretical calculations, the resonance 
associated with the GaN Berreman mode displays Q factors as high as 75 
for sample (A) and 64 for sample (B), which are significantly higher with 
respect to the experimental results. 

A better match between simulations and measurements can be ob
tained if the conducting interface due to the presence of a two- 
dimensional electron gas (2DEG) in the multilayer heterostructure is 
taken into account. In particular, its permittivity was constructed by 
considering the background of GaN permittivity and adding the 2DEG 
complex permittivity retrieved from the effective conductivity 
computed using the Drude model: 

σ(ω)= e2Nsτ
me

•
1

(1 − iωτ) r
(1)  

where e is the electron charge, Ns is the 2DEG surface carrier density, me 
is the effective electron mass, r is an effective spatial parameter 
depending on the electron mobility μ, τ is the relaxation time defined as 
τ =

meμ
e . Sample (A) has been specifically fabricated with the aim to 

maximize electron density and mobility of the 2DEG, thus we modeled it 
using the typical experimental data from literature [10,21], reported in 
Table 1 

Fig. 4a and b depict the theoretical reflection spectra obtained by 
taking into account the 2DEG contribution. We report experimental and 
theoretical results in the same plot for p- (Fig. 4a) and s- (Fig. 4b) 
polarized incident fields. When comparing the previous theoretical re
sults (Fig. 3a) a general improvement in experimental vs. theory 
agreement is more evident. We note that the depth of the reflectivity 
dips corresponding to the TO AlN phonon gets reduced since the gas 
introduces a reflectivity increase of the overall structure before reaching 
the deep layer where the AlN is located. More remarkably, the polari
zation tunability of the Berreman mode excited around the LO GaN 
phonon is also modified by the introduction of 2D electron gas. 

The contribution of 2DEG to the theoretical model was also assessed 
by calculating the coefficient of determination between simulation and 
experimental curves: for sample A, the coefficient increases from 0.85 
(without 2DEG) to 0.99 (with 2DEG) for s-polarized and from 0.35 to 
0.75 for p-polarized incoming light. An improved agreement between 
theoretical calculations and experimental measurements within this 
spectral region is also evidenced by the Q-factor value calculated in 
correspondence of the Berreman mode frequency: when the 2DEG layer 
is taken into account, the Q-factor drops to 48, resulting in a good match 
between theoretical and experimental. The results obtained show that 
the effect of 2DEG is not negligible, and its effects can significantly affect 
the spectrum of AlGaN/GaN heterostructures, decreasing the contrast of 
resonances and their Q-factors. 

To shed light on the 2DEG effects on the sample (B)’s reflection 
spectra, we added a 2DEG layer between every AlGaN/GaN interface. 
However, for structures with multiple interfaces and very small layer 
thickness (as in sample B), it must be considered that the different dis
tribution of the strain field (that modulate the piezoelectric internal 
field) strongly influences the density and mobility of the 2DEG, with a 
significant reduction of both parameters, that must be taken into ac
count [30,31]. Indeed, we found a good agreement with experimental 
results if the electron density and the mobility of the 2DEG are reduced 

by one order of magnitude. We report in Table 2 the parameters used for 
calculations. We note that the 2D electron density and the mobility are 
reduced of two orders of magnitude with respect to the previous sample. 

In Fig. 5 a-b we report in the same plot experimental and theoretical 
results for p- (Fig. 5a) and s- (Fig. 5b) polarized incident fields, respec
tively. We note that also for this sample the contribution of the 2DEG is 
not negligible, especially in the low reflectance peaks. Considering 
2DEG, the agreement between experimental and theoretical prediction 
is sensibly improved and the Berreman mode Q factor is now 49. Also in 
this case, the contribution of 2DEG to the theoretical model was also 
assessed by calculating the coefficient of determination between simu
lation and experimental curves: for sample B, the coefficient increases 
from 0.33 (without 2DEG) to 0.60 (with 2DEG) for s-polarized and from 
0.48 (without 2DEG) to 0.62 (with 2DEG) for p-polarized incident light. 

Such an extra parameter affecting overall reflectivity features can 
bring new possibilities to engineer polarization for optoelectronic de
vices implemented with aluminum and gallium nitrides. 

3. Conclusions 

In this work, we touched on the mid-IR spectral features of GaN/ 
AlxGa(1-x)N heterostructures. Experimental findings along with the 
theoretical model highlight the effect of the two-dimensional electron 
gas (2DEG) formed at the AlGaN/GaN interfaces on the mid-IR reflection 
spectra. Because of the relatively low density and conductivity, 2DEG is 
usually neglected in this wavelength range. However, our study reveals 
that it can play a non-negligible role in the reflectivity minima related to 
material phonon resonances. More specifically, if leaky surface modes, 
(i.e. Berreman modes), are excited, the 2DEG contribution emerges as a 
critical factor in determining the infrared reflectivity features. These 
findings offer new routes for material characterization and design of IR 
optoelectronic devices. The investigated sharp resonances in the mid-IR 
could be employed to implement sensing devices based on far-field 
configuration. Moreover, they could be used in combination with the 
tailored optical properties in the visible/near-IR for radiative cooling 
and enhanced nonlinear frequency conversion. 

4. Fabrication methods 

Epitaxial films used in this study were directly grown on (001) c- 
plane Al2O3 substrates in a low-pressure MOCVD system using standard 
precursors and H2 as a carrier gas. The first sample, sample (A), was 
realized to clearly investigate the effect of the 2DEG on a simple system 
consisting of only one, well-defined 2DEG layer at the GaN/AlGaN 
interface. A 125 nm thick high temperature (HT) AlN nucleation layer 
was directly grown on the Al2O3 substrate at 1150 ◦C, followed by a 
high-quality GaN buffer layer of 2000 nm and around 20 nm of AlGaN 
layer with 30 % Al content (Fig. 1a), grown at the same temperature. 
The growth on HT AlN nucleation layer allows a strong reduction in the 
GaN epilayer mosaicity with the disorder induced by the large mismatch 
with the substrate concentrated only in the first 50 nm, rapidly 
decreasing for thicker growth [26]. This results in a high-quality GaN 
layer even for small thickness with narrow x-ray diffraction (XRD) 
reflection peak suitable for the growth of the AlGaN/GaN multistacks 
[28]. 

A second Sample (sample (B), sketched in Fig. 1b) consisting of a 76 
nm thick high temperature (HT) AlN nucleation layer directly grown on 
the Al2O3 substrate at 1150 ◦C, followed by a high-quality GaN buffer 
layer of 500 nm and by a AlGaN/GaN microcavity stack was realized to 
investigate the mid-IR optical properties in a typical multilayer device 
operating in the visible range. More in detail the microcavity consists of 
a 102 nm GaN layer sandwiched between 5 + 5 pairs of 40/34 nm thick 
AlGaN/GaN layer (50 % Al content) grown at 1180 ◦C acting as Bragg 
mirrors. These typical geometrical parameters correspond to a half- 
wavelength GaN microcavity tuned around 450 nm wavelength. 

Table 1 
Two-dimensional electronic gas (2DEG) performance data [12,22].  

Ne (1016 m− 2) μ (10− 1 m2/V⋅s) me (10− 31 kg) 

8.3 1.9 3.1  
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5. Experimental methods 

A Bruker INVENIO-R FTIR spectrometer equipped with a globar as a 
radiation source and a KBr beam splitter was used to carry polarization- 
dependent reflectance measurements of the samples. Reflection spectra 
at 15◦ angle of incidence were obtained using Fourier transform infrared 
(FTIR) system in the frequency of 400–1000 cm− 1, using a resolution 
step size of 3 cm− 1. The instrument operates at room temperature (about 

300K) in the spectral region between 400 and 8000 cm− 1. The FTIR 
system is equipped with a variable angle reflection stage, while the 
incidence angle was fixed at 15 deg. The input light polarization can be 
varied using a motorized wide-range holographic grid polarizer. All 
measurements were normalized using a gold reference mirror as a 
background signal, under the same experimental conditions. The in
tensity of IR radiation was measured by a DLaTGS pyroelectric detector. 

6. Theoretical methods 

The reflectivity spectra of the samples were modeled using a 4 × 4 
transfer matrix method for anisotropic materials [25]. The numerical 
method allows the calculation of the four reflection coefficients for the 
multilayer structure, namely rss, rpp, rsp and rps, where ss (pp) stand for s- 
(p-) polarization of incident field and s- (p-) polarization for detected 

Fig. 4. Experimental (thick line) and theoretical (thin line) reflectance spectra of sample (A) for p- (a) and s- (b) polarized incident fields. The theoretical results are 
obtained including the contribution of the 2DEG. 

Table 2 
Two-dimensional electronic gas (2DEG) parameters used to model sample b 
interfaces.  

Ne (1014 m− 2) μ (10− 3 m2/V⋅s) me (10− 31 kg) 

4.3 1.6 3.1  

Fig. 5. Experimental (thick line) and theoretical (thin line) reflectance spectra of sample (B) for p- (a) and s- (b) polarized incident fields. The theoretical results are 
obtained including the contribution of the 2DEG. 
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field respectively while sp (ps) represent the cross-polarized reflectivity. 
In our experimental setup we only select the incident field polarization 
angle φin, where φin = 0 (90) stands for s-pol (p-pol). Since all the re
flected signal is collected, we model the reflected field as follows. First, 
we evaluate the s- and the p-components of the reflected field: 

Es = rsp cos(φin) + rss sin(φin) (2a)  

Ep = rpp sin(φin) + rps cos(φin) (2b) 

Then we calculate the reflectance as: 

R=|Es
⃒
⃒2 + |Ep

⃒
⃒
⃒

2
(3) 

The 2DEG effective conductivity is computed using the previously 
mentioned Drude model formula in Eq. (1) from which we obtain a 
complex effective dielectric permittivity affecting the in-plane response: 

εcond
‖ =

iσ
ε0ω (4) 

The effective permittivity of the layer which model the 2DEG is 
obtained by summing Eq. (4) to the background permittivity. According 
to Refs. [27–30], the 2DEG is assumed to be in the GAN, approximately 
1–2 nm before the interface. Thus, the contribution of the 2DEG is taken 
into account by considering a 2 nm layer having an effective complex 
dielectric permittivity given by: 

ε2 DEG
‖ = εGaN

‖ + εcond
‖ (5a)  

ε2 DEG
⊥ = εGaN

⊥ (5b) 

Finally, the 2DEG is included in the 4 × 4 transfer matrix method as a 
standard layer, placed 2 nm before the borders of every GaN layer 
sandwiched between Al(x)Ga(1-x)N layers. 
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