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b Université Côte d’Azur, CNRS, CRHEA, 06560 Valbonne, France   

A R T I C L E  I N F O   

Keywords: 
ZnO 
Quantum wells 
Reflectance spectroscopy 
Alloy determination 
Interface phonon polariton 
Composition-dependent phonon frequency 

A B S T R A C T   

A method based on infrared reflectance spectroscopy is presented by which the Mg content in ZnO/(Zn,Mg)O 
multiple quantum wells with very thin barriers can be determined. The method relies on the observation of 
interface phonon-polaritons which appear as sharp dips in the p-polarized reflectance spectra at oblique inci
dence near the longitudinal optical (LO)-phonon frequencies of both QW and barrier materials. By fitting the 
reflectance spectra to a dielectric function model, the LO phonon frequency of the (Zn,Mg)O barrier layers can be 
determined. The LO phonon frequency depends on the Mg content. Comparing to Mg content calibration via 
cathodoluminescence, a linear relationship between the reflectance dip frequency and the Mg content is ob
tained. The presented method serves as a rapid means to determine the Mg content on final structures with very 
thin (Zn,Mg)O layers -such as device structures- where alternative, destructive methods cannot be used.   

1. Introduction 

ZnO and its alloy (Zn,Mg)O feature a unique set of characteristics 
that make them excellent candidates for fundamental Physics studies as 
well as electronic and optoelectronic applications. Examples of the 
former are the demonstration in ZnO/(Zn,Mg)O heterostructures of the 
Quantum Hall Effect (QHE) [1], and the odd- and even-denominator 
fractional QHE [2,3], owing to the large 2-dimensional electron den
sities achievable, up to 3.7× 1012 cm− 2 [1]. Moreover, two-dimensional 
electron densities as large as 4× 1013 cm− 2 have been demonstrated in 
Ga-doped ZnO/Zn0.7Mg0.3O quantum wells (QWs) [4]. In terms of op
toelectronic applications, the ZnO family of materials are well-known 
wide-bandgap semiconductors with applications as transparent 
conductive oxide layers in photodetectors and solar cells [5] and plas
monics [6], as well as active materials for ultraviolet (UV) detectors [7]. 
The large exciton binding energy of around 60 meV in ZnO and its 
positive impact on the efficiency of radiative recombination of electrons 
and holes at room temperature makes ZnO and excellent active material 
in visible and UV light emitting devices. Lack of a reliable p-type doping 
has precluded the deployment of p-i-n light emitting devices based on 

this material, though, and remains a challenge for ZnO in this sort of 
applications [8]. However, since the bandgap of ZnO can be engineered 
by alloying with Mg, allowing the growth of ZnO/(Zn,Mg)O multiple 
QWs [7], there are good prospects of using intersubband transitions to 
develop unipolar infrared (IR) and THz devices [4,9–12], avoiding thus 
the use of the elusive p-type doping. The longitudinal optical (LO)- 
phonon energy of ZnO of approximately 73 meV (590 cm− 1) [13] makes 
it a promising candidate for room temperature light-emitting devices in 
the THz range, such as quantum cascade lasers (QCLs) [12,14]. More
over, the high control achieved in the growth of these ZnO/(Zn,Mg)O 
QWs has recently yielded the demonstration of a negative refractive 
index hyperbolic metamaterial based on ZnO [15]. 

Devices based on ZnO and its related alloys, as happens with most 
semiconductors, often consist of a stack of many thin layers with 
varying composition forming heterostructures such as multiple 
quantum wells (MQWs), superlattices, Bragg reflectors, or even much 
more intricate structures as QCLs, to name a few. Knowledge of the 
properties of the materials, and of the peculiarities of the structure, 
especially in terms of alloy contents and layer thicknesses, is essential 
to realize devices operating at the desired specifications. In the case of 
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ZnO/(Zn,Mg)O QWs precise knowledge of the QW and barrier thick
nesses on the one hand, and of the potential barrier height (via Mg 
content) on the other is key to tune the transition energy between 
adjacent QWs to the optical phonon energy of the constituent mate
rials in QCLs or to adjust the properties of ZnO-based hyperbolic 
metamaterials [15], to name a few applications. 

In this work we report the use of the interface phonon-polariton 
resonances in ZnO/(Zn,Mg)O MQWs to determine the Mg content in 
the QW barriers. The modes are observed by IR reflectance spectroscopy 
and analyzed by a dielectric function model, and we take advantage of 
the fact that the high-energy LO phonon frequency of (Zn,Mg)O in
creases linearly and monotonically with Mg content at an approximate 
rate of 1.5 cm− 1 per percentage of Mg [13]. 

The results on this work have strong practical implications for re
searchers working in ZnO-based devices since they show a way to 
monitor the precise composition of the layers of actual device structures 
after their growth. To obtain stacks of layers of the desired composition 
one usually relies on earlier calibrations made with thick test layers 
grown under specific conditions on which the alloy composition is 
determined by techniques such as photoluminescence, cath
odoluminescence, energy dispersive X-ray spectroscopy, or secondary 
ion mass spectrometry. Thus, a one-to-one relationship between growth 
conditions and alloy composition in test layers can be obtained. However, 
when growing the actual device structures, the growers can only assume 
that the a priori obtained recipes are reproducible in the growth of the 
thin multilayers of the devices if they want to achieve the desired results 
and sometimes the reproducibility is not that good. Also, if one would 
like to verify the actual compositions of the finished structures, it is often 
impossible to assess due to the small amount of material involved and 
the complexity of the structures themselves, or it is difficult, costly, and 
involves destructive techniques. The advantage of using the interface 
phonon–polariton resonances to determine the Mg content of very thin 
(thickness below 15 nm in this work) semiconductor heterostructures by 
purely optical means lies on the fact that the measurements can be 
quickly done on the actual device structures avoiding the need to rely on 
test layers or the use of invasive/destructive techniques. We believe 
these results can be translated to other materials systems such as GaN- 
and GaAs-based devices. 

2. Methods 

A series of ZnO/(Zn,Mg)O MQW structures with nominal Mg con
tents ranging from 22 to 41 % is analyzed using the proposed method. 
Details on the structures are given in Table 1 and a schematic of the 
general structure of the samples is shown in Fig. 1. The QWs are n-doped 

with Ga at different levels. All the samples are grown by molecular beam 
epitaxy on non-polar, m-plane ZnO substrates. Samples A to F feature a 
50 to 100 nm-thick (Zn,Mg)O buffer layer with the same nominal Mg 
content as the barriers in the MQWs. This buffer layer permits the 
measurement of the Mg content using catholodoluminescence (CL) 
spectroscopy as in [16]. The values obtained by CL are used in this work 
to calibrate the Mg content obtained from the analysis of the interface 
phonon-polariton modes. Two additional samples (QWIP1 and QWIP2) 
featuring the structure of quantum well infrared photodetectors 
(QWIPs) (i.e. the IR absorbing MQWs are sandwiched between two 
thicker, Ga-doped ZnO contact layers) are included. These samples serve 
a twofold purpose. First, to demonstrate that interface phonon- 
polaritons corresponding to the (Zn,Mg)O barriers are visible in actual 
device structures even though they are sandwiched between relatively 
thick Ga-doped ZnO contact layers. Second, that the modes are visible 
even in the absence of (Zn,Mg)O buffer layers or whenever the (Zn,Mg)O 
layers are buried inside the device structure. 

Reflectance spectra are measured from all the samples at 30◦ angle of 
incidence of the p-polarized incident light in a Fourier transform 
infrared spectrometer (FTIR). The polarization of the incoming light is 
set using a KRS-5 holographic wire grid polarizer. The samples are 
grown on m-plane substrates (i.e. the c-axis is contained in the plane of 
the sample), therefore we choose the orientation of the c-axis so it lies 
perpendicular to the plane of incidence. Thus, E⊥c always and only the 
E1 transverse phonon modes of the wurtzite structure (i.e. lattice vi
brations perpendicular to the c-axis) are excited by the infrared light 
[13], simplifying the analysis of the spectra. 

The obtained spectra are fitted with a transfer matrix model where 
all the constituent layers of the samples are modelled with a dielectric 
function accounting for the interaction of the light with the lattice and 
also the free electrons in case the layers are doped [4]. 

The (Zn,Mg)O layers are thus modelled with a dielectric function 

ε(Zn,Mg)O = ε(Zn,Mg)O
∞

∏2

k=1

ω2
LO,k − ω2 − iγLO,kω

ω2
TO,k − ω2 − iγTO,kω, (1)  

where k = 1,2 stands for the two phonon modes of (Zn,Mg)O for E⊥c 
[2]. ε(Zn,Mg)O

∞ is the high-frequency dielectric constant, ωLO,k and ωTO,k are 
the LO and TO phonon frequencies of the k-th mode, and γLO,k and γTO,k 

are broadenings of the k-th LO and TO phonon mode. 
Intersubband transitions in doped QWs are only visible when the 

electric field of the light wave has a component perpendicular to the 
QWs [4]. To account for this, the dielectric function of the QWs is 
usually anisotropic, featuring the intersubband transition term only in 
the off-plane component. In this work, and in order to simplify the 
analysis, this anisotropy in the dielectric function has been neglected 
because the intersubband transitions lie far from the region where the 
interface phonon-polariton modes appear in the reflectance spectra and 
an isotropic dielectric function for the ZnO QWs including a phonon 
interaction term and a plasma interaction term is enough to reproduce 
well the experimental results in the range of interest in this work: 

Table 1 
Description of the samples employed in this work. LQW and Lb are the QW and 
barrier thicknesses, respectively. In samples QWIP1 and QWIP2 the MQW 
structure is sandwiched between two thick (around 150 nm) ZnO layers Ga- 
doped 1 × 1019 and 3 × 1019 cm− 3, respectively.  

Sample 
Name 

Nominal 
Mg 
content 
(%) 

LQW 

(nm) 
Lb 

(nm) 
Number 
of QW 
periods 

(Zn,Mg)O 
buffer 
thickness 
(nm) 

QW 
doping 
(cm− 3) 

A 22 3 5 20 65 1× 1020  

B 30 4 10 15 50 5× 1019  

C 30 3 15 15 50 1× 1019  

D 30 4 5 20 50 3.5×

1019  

E 34 4 10 10 100 9× 1019  

F 41 2.5 5 20 50 UID 
QWIP1 18 2.5 10 20 None 1.5×

1019  

QWIP2 30 2.7 10 15 None 3× 1019   

Fig. 1. Schematic of the samples employed in this work. Details on the specific 
thickness of each layer for each sample are given in Table 1. 
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εZnO(ω) = εZnO
∞

ω2
LO − ω2 − iωγLO

ω2
TO − ω2 − iωγTO

−
ω2

P

ω2 + iωγP
. (2)  

The first term in (2) accounts for the interaction of light and phonons, 
analogously to (1). Here εZnO

∞ is the high-frequency dielectric constant of 
ZnO, and ωLO, γLO and ωTO, γTO are the frequencies and broadenings of 
the LO and TO phonon modes, respectively. The plasma frequency of the 
electrons in the QW is given by ω2

P = ne2/ε0m*, with n the electron 
concentration in the QW, e the electron charge, ε0 the permittivity of 
vacuum, and m* the electron effective mass. 

3. Results and discussion 

Fig. 2 shows representative reflectance spectra of ZnO/(Zn,Mg)O 
QWs taken under p-polarization of the incident light. Two sharp dips 
appear in the reflectance spectra located at frequencies close to the LO 
phonon frequencies of ZnO (590 cm− 1) and (Zn,Mg)O (640–680 cm− 1, 
depending on the Mg content). These two features correspond to the 
interface phonon-polaritons at the interfaces between ZnO and (Zn,Mg) 
O layers. 

Fig. 2(a) shows the shift to higher frequencies of the reflectance dip 
around 650 cm− 1 when the nominal Mg content in the barrier layers is 
increased from 30 to 34 %. This shift correlates with the increase in the 
LO phonon frequency of (Zn,Mg)O with Mg content, which verifies the 
attribution of this reflectance feature to an interface phonon-polariton 
related to an interface with (Zn,Mg)O on one side. Fig. 2(b) shows 
that even for identical nominal Mg contents the reflectance dip can 
experience a shift due to the doping of the QWs. In other words, the 
excitation of plasma oscillations in the QW results in a small but 
noticeable shift of the interface phonon-polaritons related to the phonon 
of the adjacent, undoped layer. The calculated reflectance spectra 

included in Fig. 2 reproduce very well even the smallest features and 
variations in the experimental spectra due to the changes in QW doping 
and barrier Mg content. Therefore we can be confident that the values of 
ωLO we obtain reproduce well the actual values in the barrier layers. 

Due to its dispersive nature, the frequency at which the interface 
phonon-polariton is observed in the reflectance experiments depends on 
the angle of incidence (i.e. in-plane momentum of the incident light). 
This is illustrated with the reflectance spectra of Sample D in Fig. 3(a). 
Note that at all the angles of incidence that can be reached in this work 
(from 30◦ to 80◦) the reflectance dip appears at an energy higher than 
ω(Zn,Mg)O

LO (see also Fig. 2). This implies that simply taking the frequency 
of the reflectance dip as ω(Zn,Mg)O

LO and then comparing it with the liter
ature to obtain the Mg content can give rise to an inaccuracy that in
creases with the angle of incidence. Therefore, one needs to account for 
the dispersion relation of the interface phonon-polariton mode to 
correctly obtain the value of ω(Zn,Mg)O

LO of the (Zn,Mg)O layers from the 
reflectance spectra. To do so, we fit the reflectance spectra of the entire 
stack of layers as described in the methods section for a 30◦ angle of 
incidence, and from this fit we obtain the angle-independent value of 
ω(Zn,Mg)O

LO . As an example of the reliability of the method, Fig. 3(b) shows 
the experimental value of the interface phonon-polariton frequency 
from the reflectance dip for Sample D as a function of the angle of 
incidence, together with the calculated dispersion relation. The 

Fig. 2. (a) Reflectance spectra under p-polarization at 30◦ angle of incidence of 
two ZnO/(Zn,Mg)O MQW samples featuring nominal Mg contents of 30 
(Sample B, orange) and 34 % (Sample E, blue). (b) Reflectance spectra under 
the same conditions from two samples identical to Sample C but different 
doping level in the QW (1 × 1018 cm− 3, green, vs 3 × 1019 cm− 3, grey). The 
thick curves are the experimental results and the thin, dotted curves are the 
fitted reflectance spectra calculated from the dielectric model. Vertical dotted 
lines indicate the values of ωLO of the ZnO and (Zn,Mg)O layers employed in the 
calculation of the modelled spectra. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 3. (a) Reflectance spectra of Sample D for various angles of incidence of 
the light. The value of ω(Zn,Mg)O

LO , obtained from a fit to the experimental spectra 
at 30◦ angle of incidence, is indicated with a vertical dotted line. (b) Dispersion 
curve of the (Zn,Mg)O-related interface phonon-polariton of Sample D on the 
angle of incidence of the light, experimentally (orange circles) and from 
transfer matrix calculations (orange line). The calculations are performed using 
ω(Zn,Mg)O

LO as obtained from the 30◦ reflectance spectrum. Note this value suffices 
to predict the frequency of the interface phonon-polariton at all angles with an 
accuracy better than 1 %. Results on the dispersion of the interface phonon- 
polariton for an equivalent, undoped sample are also included (the green line 
is the calculation, the circles are the experimental data). The grey, dashed line 
indicates the value of ω(Zn,Mg)O

LO used in the transfer matrix calculations. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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dispersion that would be observed if the QWs were not doped is also 
included. 

The presence of electrons in the QW has another effect on the fre
quency of the reflectance dips. As shown before, the interface phonon- 
polariton at 650–680 cm− 1 shifts to higher energies as the angle of 
incidence is increased (i.e. as the in-plane momentum of the incoming 
wave is increased, Fig. 3(a)). When there is no doping in the QW, the 
interface phonon-polariton mode frequency increases monotonously 
and unbounded with the angle of incidence. If the QW is doped, though, 
the interface phonon-polariton mode becomes only slightly dispersive, 
its frequency bounded below ∼ 750 cm− 1. (Fig. 3(b)). The difference in 
frequency between doped and undoped structures is small for small 
angles of incidence, nevertheless the model accounts for it well. 

Now, having shown that the method allows to obtain ωLO in doped 
samples from one single reflectance spectrum, and that it reproduces 
well the spectra at other angles within a reasonable accuracy better than 
1 %, we can illustrate its usefulness in obtaining the Mg content in the 
barrier layers of the samples. Fig. 4 shows the interface phonon- 
polariton at a fixed angle of incidence of the light of 30◦ for all the 
samples in this study. By fitting the reflectance spectra, ωLO can be ob
tained for each sample and its value correlated to the Mg content using 
reported ωLO vs Mg content values (see for example Bundesmann et al. 
[13]) or performing an additional calibration experiment, which is the 
approach we consider in this work. 

In this sort of structures this content is usually calibrated via pho
toluminescence or cathodoluminescence (CL) measurements of a buffer 
layer placed underneath the active MQW structure. The need for a 
relatively thick buffer layer is because a certain amount of material has 
to be present so its luminescence can be detected. We have performed 
room-temperature CL measurements of the samples in this study and the 
results are shown in Fig. 5. Two peaks are apparent in the spectrum of 
each sample. One is located around 3.3 eV and corresponds to the 
recombination of electrons and holes in the ZnO quantum wells and 
substrate. The other one, the emission band ranging from around 3.7 to 
4.0 eV, corresponds to electron-hole recombination at the (Zn,Mg)O 
buffer layers. The shift of this near-band edge (NBE) CL peak to higher 
energies as the Mg content is increased is apparent and reflects the in
crease in band gap of (Zn,Mg)O with increasing Mg [16]. 

From Fig. 5 we can extract the energy of the (Zn,Mg)O CL peak as a 
measure of the Mg content of the layers [16], and correlate it with the 
frequency of the (Zn,Mg)O LO phonon of the same sample extracted 
from the reflectance analysis. Fig. 6 shows there is an excellent linear 
correlation between these two magnitudes. 

The values of the NBE CL peak energy of the (Zn,Mg)O layers can be 
converted to values of Mg content (top x axis in Fig. 6(a)) by interpo
lation from the data in [16], where the CL NBE peak energy of 1 µm- 
thick (Zn,Mg)O layers is correlated to the Mg content extracted from 

Rutherford backscattering experiments. The dotted line in Fig. 6(a) is a 
linear fit of the ω vs CL NBE peak energy data that can be now used as a 
calibrated curve to obtain the Mg content from ωLO. The procedure 
would be as follows: From fits to the reflectance spectra, the frequency of 
ωLO would be obtained; next one would go to Fig. 6(a) and, look for the 
Mg content that correspond to such ωLO as stated by the dash-dotted 

Fig. 4. Zoomed-in plot of the reflectance spectra around the dip related to the 
(Zn,Mg)O layers for all the samples featured in this study. 

Fig. 5. Room-temperature CL spectra of samples A to F. The peaks corre
sponding to the near band edge emission of the ZnO QWs and the (Zn,Mg)O 
buffer layer have been normalized to unity and offset for clarity. 

Fig. 6. (a) Correlation between the ωLO of the (Zn,Mg)O layers of samples A to 
F, obtained from fits to the reflectance data, and their CL peak energy (circles). 
The dashed line is a linear fit to the data. The stars are the data points corre
sponding to samples QWIP1 and QWIP2. For these samples, ωLO is known from 
the reflectance measurements and the dotted line is used to obtain the corre
sponding Mg content in actual device structures where there is no buffer layer. 
The correspondence between the bottom and top horizontal axes is made by 
interpolation from the data in [16]. (b) Experimental and fitted reflectance 
spectra at 30◦ and p-polarization of samples QWIP1 and QWIP2. Vertical dotted 
lines indicate the values of ωLO from the model for ZnO and (Zn,Mg)O in 
each sample. 
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lined in the Figure. 
To illustrate this procedure in actual device structures the p-polar

ized reflectance spectra at 30◦ of samples QWIP1 and QWIP2 are shown 
in Fig. 6(b) together with their respective fits. The values of ωLO obtained 
from the fits are used in Fig. 6(a) to find the corresponding Mg content. 
As can be seen, the values of the Mg content obtained with this pro
cedure are close to, but different than, the nominal ones (around 3% 
higher), which proves the usefulness of the approach described here. 
Fig. 6(b) also proves there is no need for a thick (Zn,Mg)O buffer layer 
for the interface phonon-polariton reflectance dip to be observable. 

It is worth to spend some lines to discuss and estimate the uncer
tainty of this method. We focus on samples B, C, D, and QWIP2, which 
feature a nominal 30 % Mg content. Looking first at samples B, C, and D, 
we see a large difference in the obtained ωLO (and therefore, Mg con
tent), especially between Sample B on the one hand and samples C and D 
on the other. This difference correlates very well with the difference in 
NBE CL peak energy, which is our calibration technique, while staying in 
the linear trend of ωLO vs NBE energy. This allows us to conclude that 
this different result is not a symptom of the uncertainty of the method, 
but rather that the samples indeed have different Mg content. The 
discrepancy in the actual values of Mg content might originate from the 
fact that Sample B was grown in a different system than C, D, and 
QWIP2. 

Let’s focus now on samples C and D. The difference in NBE energy 
between these two samples is of 4 meV (∼ 0.1 % of the NBE energies). 
This, translates into a Mg content difference of approximately 0.2 %. 
Therefore, by our calibration method, we can conclude this two samples 
have the same Mg content within 0.2 %. 

The difference in ωLO observed between C and D is 0.6 cm− 1 (that is, 
∼ 0.1 % of the ωLO values). So, the measurement we use for calibration 
yields roughly the same discrepancy than the optical method we pro
pose. Therefore, we take this as an upper bound for the precision of the 
proposed method. A maximum uncertainty of 0.1 % in ωLO, by the linear 
fit of Fig. 5(a), would translate into an uncertainty of less than 0.5 % in 
the determination of the Mg content. 

As a final remark, QWIP2, whose nominal Mg content is also 30 %, is 
measured by our method to have 33.9 % Mg content. The measured 
value is within 0.3 % of the measured values of C and D, consistent with 
what was stated above. 

4. Conclusions 

The occurrence of interface phonon-polariton modes in the p-polar
ized, oblique incidence reflectance spectra of ZnO/(Zn,Mg)O MQWs was 
observed and their relation to LO phonons in the (Zn,Mg)O barrier layers 
was established. The value of ω(Zn,Mg)O

LO of the barriers was obtained from 
fits to the reflectance spectra using dielectric function models. An 
application of the observations is shown by determining the Mg content 
in the thin barriers. The experimental reflectance is compared to transfer 
matrix dielectric function models to account for the dependence of the 
interface phonon-polariton modes on the angle of incidence and the 
electron concentration in the QW. The ω(Zn,Mg)O

LO thus obtained is then 
correlated to the CL energy of the buffer layers of the samples for cali
bration purposes, which allows to obtain the actual Mg content in the 
structures. Finally, the applicability of this method is demonstrated in 
actual QWIP device structures where there is no buffer layer. 
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