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Intersubband (ISB) absorption in quantum wells (QW) at normal incidence is forbidden by the selection
rules for light polarization. To be useful under this convenient geometry, QW structures require postgrowth
texturing of the surfaces. Here, we demonstrate polarization-sensitive ISB absorption of light at normal
incidence using as-grown, nonpolar m-plane ZnO/(Mg,Zn)O multiple QWs without any postprocessing.
This breakage of the selection rules is possible due to the formation of a self-assembled V-groove grating
QW profile in the direction perpendicular to the ¢ axis, which lies in the growth plane. A geometrical model
is developed that predicts the dependence of the ISB absorption strength with the angle of incidence and
the QW V-groove angle and is verified by high-resolution transmission electron microscope analysis. As
a result of the in-plane anisotropy of the QW grating geometry, a strong light polarization sensitivity is
demonstrated under normal incidence, with a predicted polarization sensitivity contrast above 80:1 for a

+5° cone of angles.
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L. INTRODUCTION

Intersubband (ISB) transitions between confined energy
levels in a quantum well (QW) are of great interest for
their use in fundamental studies of strong light-matter cou-
pling physics [1] and nonlinear frequency conversion [2],
among other topics. They are also of crucial technological
interest since they are the driving physical mechanism for
absorption in both quantum-well infrared photodetectors
(QWIPs) and quantum cascade detectors (QCDs) operat-
ing from the near IR to the THz region [3,4]. The selection
rules for ISB transitions for semiconductors where there
is negligible mixing between valence and conduction band
states require the electric field of the light to be perpendic-
ular to the QW planes, which implies that ISB absorption
under normal incidence is forbidden [3]. The nature of
these transitions has thus traditionally posed challenges
to the development of IR detectors for various applica-
tions, such as focal-plane arrays of detectors, where the
individual detectors are oriented in such a way that the
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light reaches the QWs at normal incidence. To circumvent
this issue, postgrowth processing needs to be employed.
Typically, the detectors are oriented so the light enters the
device through the substrate. Under this configuration, the
top layer of the structure (i.e., the last one to be reached by
the incoming light) is textured as a grating so the light is
diffracted and crosses the QW structure again, this time at
a non-normal angle of incidence where the ISB transitions
are allowed [3].

Having detectors in the IR and THz which are not only
intensity sensitive but also polarization sensitive is even
more desirable, since it will allow us to achieve informa-
tion about the vector nature of the detected optical field
through IR and THz polarimetry [5]. In the GaAs and InP
systems, the sensitivity to light polarization of the devices
is also achieved during the fabrication process, e.g., by
etching parallel stripes on the top surface of the semi-
conductor layer stack [6,7], which can go as deep as to
make stripes of the QWs themselves (the so-called corru-
gated QW approach [8]), or by the deposition of metallic
gratings consisting of parallel stripes [9]. The geometry
of the stripes serves to control the direction at which
the light is diffracted, therefore allowing the absorption
of light only when its initial polarization is perpendicu-
lar to the stripes. Also, normal-incidence ISB absorption
can be achieved by the deposition of plasmonic patterned
structures [2].

In order to overcome these inherent limitations to
ISB transitions and to achieve polarization-sensitive ISB

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.10.034022&domain=pdf&date_stamp=2018-09-12
http://dx.doi.org/10.1103/PhysRevApplied.10.034022
https://creativecommons.org/licenses/by/4.0/

M. MONTES BAJO et al.

PHYS. REV. APPLIED 10, 034022 (2018)

absorption at normal incidence without the need to use
additional processing steps or external optical components,
a metamaterial is needed that meets the following require-
ments: (1) high-quality-crystal QWs need to be grown in
a highly controlled and reproducible fashion in order to
obtain ISB transitions; (2) the active region must show
a spontaneously generated morphology that facilitates the
absorption of light under normal incidence; and (3) this
morphology must be anisotropic, i.e., must appear only in
one in-plane direction, but not in the perpendicular one,
such that light polarization sensitivity can be achieved.
Here, we demonstrate that these conditions are nicely
met by the ZnO/(Mg,Zn)O alloy family: ISB transitions
from multiple quantum wells (MQWs) have already been
demonstrated with excellent characteristics [10—13] and
the anisotropy of its wurztize crystal structure can be
exploited by growing the QWs along the m axis with
the ¢ axis in-plane, i.e., by using a nonpolar orientation
[10,13]. Moreover, the nonpolar orientation facilitates the
ISB transitions owing to the absence of internal electric
fields that would have an impact on the oscillator strengths
via the quantum-confined Stark effect. Also, the growth
over readily available native substrates helps reduce the
density of dislocations and other detrimental defects on the
MQWs [10,13].

As reported elsewhere [14], ZnO/(Mg,Zn)O QWs
grown on the nonpolar m-plane orientation feature a
V-groove grating shape perpendicular to the ¢ axis and
along the a axis (both of which are contained in the
plane of the sample) which appears spontaneously dur-
ing molecular-beam-epitaxy (MBE) growth under a par-
ticular set of growth conditions. Figure 1(a) shows
a cross-sectional high-resolution transmission-electron-
microscope (HRTEM) image of these QWs through a
plane perpendicular to the ¢ axis, where the V-groove grat-
ing pattern is apparent. In MQW structures featuring this
geometry and under normal incidence of the incoming
light, there are two possible scenarios for the orientation of
the electric field [Fig. 1(b)]. First, if E || ¢, the electric field
of the light is also parallel to the plane of the QWs every-
where in the structure. Therefore, in this configuration,
there is no component of the electric field perpendicular
to the plane of the MQWs and the ISB transitions are for-
bidden by the selection rules. This case is equivalent to that
of a usual, flat MQW structure. On the contrary, if E L ¢,
there is a component of the electric field which is perpen-
dicular to the MQWs and ISB transitions should therefore
become allowed. Here, we show how a stack of these V-
groove QW gratings acts as a self-assembled metamaterial
allowing for ISB absorption at normal incidence, which
is forbidden in the usual, flat QW structures. Moreover,
absorption of light by this metamaterial is also sensitive to
the polarization of the light with respect to the ¢ axis of
the crystal without the need for any postgrowth fabrication
steps.

B

(b)

C axis

FIG. 1. (a) Cross-sectional HRTEM image of sample B.
(b) Schematic describing the proposed mechanism by which
polarization-sensitive, normal-incidence ISB absorption is
allowed in m-plane ZnO/(Mg,Zn)O QWs. ¢ is the angle between
the QW interface and the growth plane.

II. EXPERIMENTAL DETAILS

In this paper, we show the results from three m-
plane ZnO/(Mg,Zn)O MQW structures grown by MBE
on native m-plane ZnO substrates (more details are
given in Ref. [13]). Figure 2(a) shows a schematic
and summary of the samples. Sample A features a
15-period ZnO(3.6 nm)/Mgp6Z1n9740(10 nm) MQW
structure. Samples B and C are nominally identical
except for the doping level and consist of a 10-period
Zn0(3.9 nm)/Mgg 3,Zng 6sO(10 nm) MQW. The QWs are
doped with Ga at three different levels. A high doping con-
centration is chosen in order to maximize the ISB absorp-
tion, which scales with the electron concentration in the
QW [10]. The actual electron concentration in the QWs is
extracted from fits to reflectance spectra taken under p and
s polarization of the incident light at a 45° angle of inci-
dence measured in a Fourier-transform IR spectrometer
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FIG. 2. (a) Schematic of the samples shown in this work. The

table summarizes the relevant parameters. The electron concen-
tration 7 is extracted from reflectance spectroscopy as described
in the text. (b) Schematic describing the experimental setup for
transmittance experiments. The plane of incidence of the light is
the plane of the page. The angle of incidence of the light on the
sample Oy can be changed by rotating the sample around an axis
perpendicular to the plane of the incidence. Both the polarization
of the light and the ¢ axis of the crystal can be independently set
perpendicular to or included in the plane of incidence. (c) Calcu-
lated potential profile of sample B at room temperature. All the
samples presented here show calculated profiles similar to this
one. The image includes the Fermi energy for all three samples
(dashed red lines).

(FTIR), following the procedure described elsewhere [10].
The electron concentration in the QWs is thus found to be
6.5 x 10", 8.5 x 10", and 1.05 x 10?° cm™3 (2.3 x 10",
3.1 x 103, and 4.1 x 10" cm~2?) for samples A, B, and
C, respectively. The back side of the ZnO substrate is pol-
ished with diamond compound down to a 250-nm grain
size to facilitate the transmission measurements, which are
performed in the FTIR with the sample mounted vertically
on a rotating holder that allows us to change the angle of
incidence of the IR light [Fig. 2(b)].

The samples are measured in high-resolution electron-
transmission microscopy and selective area diffraction in

ten different areas from the same TEM lamella approxi-
mately 2 mm in size. The angle ¢ the QWs form with
respect to the growth plane [Fig. 1(b)] can be deduced
from the Fourier transform of the HRTEM images. In
addition to the diffraction spots due to the hexagonal lat-
tice of the ZnO and (Mg,Zn)O crystals, other diffraction
spots are observed. By selecting only these spots and doing
the inverse Fourier transform, the V-groove profile can be
extracted and enhanced compared to the initial HRTEM
image. This is a proof that the additional diffraction spots
are linked to the periodicity of the V-groove profile. The
angle ¢ is deduced from the inclination of these spots with
respect to the growth direction in the reciprocal space m*.
The error on the angle is estimated from the width of the
diffraction spots.

Calculation of the potential profile of the QWs by self-
consistently solving the Schrodinger and Poisson equa-
tions considering also exchange correlation effects yields a
QW potential profile with three confined electronic levels
[Fig. 2(c)] and a Fermi energy found between the second
and third confined levels. Under these conditions, there
are two allowed transitions with comparable absorption
probability wi> (from 1240 to 1360 cm~' depending on
the sample) and w,; (1890 to 1930 cm™!) that have to
be accounted for. As a result of dipole-dipole interaction,
these two ISB transitions couple into a single one, a mul-
tisubband plasmon (MSP) [15]. The MSP resonances are
calculated to be observed at 3068, 3616, and 4028 cm™!
for samples A, B, and C, respectively. Note that these MSP
resonances are found at much larger energies than w;, and
wy3 as a result of the depolarization shift by which the
oscillating electrons screen the electric field, producing an
increase of the final MSP resonance that scales with the
square root of the QW doping [16]. Details on these calcu-
lations in samples similar to those presented here are given
elsewhere [10].

ITI. RESULTS AND DISCUSSION

Figure 3(a) shows the ratio of the E || ¢ to E L ¢ trans-
mission spectra at normal incidence for samples A, B,
and C. All the spectra show an absorption band between
2000 and 4500 cm™!, consistent with what is expected
with the polarization of the light with respect to the ¢ axis
[Fig. 1(b)]. To further verify that the observed peak at
normal incidence is the ISB transition, the s-to-p polar-
ization transmittance spectra ratio measured at a 50° angle
of incidence is plotted in Fig. 3(b). An ISB transition peak
is clearly visible, corresponding to the peaks observed at
normal incidence and also consistent with the calculations
of the ISB transition frequency for the three samples (see
Sec. II). This confirms that what is observed at normal
incidence is indeed the ISB transition.

034022-3



M. MONTES BAJO et al.

PHYS. REV. APPLIED 10, 034022 (2018)

T T T T T T T

L (a) _g ]
1.010 + —C
X2 c
.0 ]
© 1.005 .
3 w |
c 1.000 +
£ R M
€ 106} ® : : 1
7] : :
[ r ]
C 1.04} -
— L
1.02 - i
1.00 : : -
L Il Il 1 L
2000 3000 4000 5000
Wave number (cm™)
FIG. 3. Ratio of E || ¢ to E L ¢ transmittance spectra at normal

incidence (a), and ratio of s-to-p polarization transmittance spec-
tra at a 50° angle of incidence (b), for the three samples. The
dotted lines in (b) indicate the calculated MSP resonance wave
number.

The relation of the observed ISB transition at normal
incidence with the actual shape of the V-groove QW grat-
ing remains to be verified. To do so, the experimental
results are compared to a geometrical model that cal-
culates the relative intensity of the ISB transition as a
function of the V-groove QW angle measured with respect
to the growth plane ¢ and the infernal angle of inci-
dence of the light 6 (Fig. 4). Note that 6 is the angle of
incidence with respect to the growth direction inside the
QW; ie., it is the angle of incidence after refraction at
the sample surface has taken place. An isotropic index
of refraction n = 1.87 has been used for the refraction at
the topmost air/(Mg,Zn)O interface of our samples and
0 = arcsin(Bext/n(Mg,zn)0), Where ey is the angle of inci-
dence from air onto the sample surface. The refraction at
the QW/barrier interfaces has been neglected for the sake
of simplicity.

The ISB absorption coefficient in a standard, flat MQW
structure depends on the angle of incidence as sin® 6/ cos 6
[3]. The sin® @ term is an expression of the selection
rule for polarization; i.e., it comes from the quantifica-
tion of the component of the electric field of the incom-
ing light that is perpendicular to the QWs. The cosé
term accounts for the variation of the optical path of
the light across the MQW structure with the angle of
incidence.

There are two geometries to be considered here. First,
when the ¢ axis is perpendicular to the plane of incidence
of the p-polarized light, E is always perpendicular to the

(a) 2L ~

L@L

C axis

oL

(d)

FIG. 4. Schematics describing the geometrical model. See
details in text. (a) Illustration of the splitting of the problem into
two halves. (b) Definition of the symbols and the effective angle
of incidence. (c) Definition of the cross-sectional area as seen by
the incoming light for ¢ = 0 and ¢ # 0 on the left-hand side of
the structure. (d) Same as (c) for the right-hand side.

¢ axis. Second, when the ¢ axis lies in the plane of inci-
dence of the p-polarized light, E is at an arbitrary angle
with respect to the ¢ axis as 6 changes. In this case, E || ¢
when 6 = 0°.

If we focus first on the case where ¢ is perpendicu-
lar to the plane of incidence when 6. = 6 = 0°, we can
consider a length 2L of QW along the a axis (i.e., per-
pendicular to the ¢ axis) when ¢ = 0 [Fig. 4(a)]. As ¢
increases, the problem can be divided in two halves: on the
one hand, all the QW sections that are tilted clockwise and,
on the other hand, all the sections that are tilted anticlock-
wise. In the former case, the effective angle of incidence is
0 — ¢ and, in the latter, it is 6 + ¢ [Fig. 4(b)], which yields
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an ISB absorption coefficient:

sin?(0 + ¢)
s cos(0 + ¢)

sin?(0 — ¢)
+ cos(@ —¢) | M

It is also necessary to consider, as illustrated in Figs. 4(c)
and 4(d), that the effective cross section of each of the two
halves of the model, as seen by the light incoming at a
given angle of incidence, varies with ¢ and 6. Using the
notation of Fig. 4, the effective cross section for a finite ¢
varies with respect to the case ¢ = 0 by a factor

Lcos(6 + ¢)

, 2
Lcosf @)

where the plus (minus) sign applies to the counterclockwise-
(clockwise-)tilted half of the QW. Therefore, we arrive at
an expression for the ISB absorption coefficient given by

[sin?(6 + ¢) +sin’(@ —¢)].  (3)

agsg = A
cosd

Here, A4 is a proportionality constant that includes all of the
factors in asp that do not depend on 6 or ¢. Equation (3)
reduces to the expression for flat QWs when ¢ = 0°.

When the orientation of the sample is such that the ¢ axis
is contained in the plane of incidence, a similar calculation
as carried out previously can be made. An ajsg intensity
similar to Eq. (3) with ¢ = 0° is found, but corrected by an
extra multiplicative cos ¢ factor. As shown subsequently, ¢
is small in our QWs, cos ¢ & 1, and, therefore, this factor
is neglected for the sake of simplicity.

To compare the results of the calculation with the exper-
iment, the transmittance of sample B is measured as a
function of the angle of incidence under p polarization for
both the configurations in which the ¢ axis is contained
in or perpendicular to the plane of incidence (these two
configurations correspond to E || c and E L ¢ when 6 = 0,
respectively, see Sec. II and Fig. 2). The integrated area of
the ISB transition is evaluated as the area between the dip
on the transmittance spectrum corresponding to the ISB
transition and a straight baseline from 2800 to 4200 cm™!
(i.e., spanning the whole width of the ISB transition) for
every spectrum [Fig. 5(a)]. Figure 5(b) shows the extracted
integrated areas as a function of the angle of incidence.
From the experiments performed under p polarization of
the incoming light and keeping the ¢ axis in the plane of
incidence of the light (such that E || ¢ at normal incidence,
i.e., when 6 = 0), it is observed that, at normal incidence,
the ISB transition intensity is not detectable, as expected
(see Fig. 1). When the angle of incidence is increased, an
ISB transition starts to be observed, whose intensity also
increases with 6. When the ¢ axis is kept perpendicular
to the plane of incidence under p polarization (i.e., E L ¢
throughout the experiment), it is also observed that the ISB
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FIG. 5. (a) Illustration of the determination of the ISB transi-

tion integrated area. (b) The data points indicate the experimental
ISB transition integrated area, as measured under p polarization
of the incoming light, as a function of the external angle of inci-
dence when c is perpendicular to the plane of incidence, so E L ¢
for all angles (blue), and when c is parallel to the plane of inci-
dence, so E || ¢ when 6y = 0° (brown). The lines indicate the
calculated ISB transition intensity from the model, adjusting 4 so
the calculation for ¢ = 0 matches the results when c is parallel
to the plane of incidence.

intensity increases with the increasing angle of incidence,
but in this case, there is a noticeable ISB absorption even
at normal incidence.

The experimental results are now compared to the cal-
culations from the geometrical model. First, the curve
corresponding to ¢ = 0 is plotted and the proportionality
constant in Eq. (3) is adjusted until we get a good fit to
the experimental data when the ¢ axis is contained in the
plane of incidence. With the value of 4 thus found, the
curves corresponding to a series of values of ¢ are plotted.
It is found that the experimental data obtained when E L ¢
are delimited by the lines corresponding to 12° < ¢ < 14°
[Fig. 5(b)]. Note that, for ¢ in this range, cos¢ =~ 1 to
within 3%. Therefore, the approximation made previously
of using Eq. (3) with ¢ = 0° when c is parallel to the plane
of incidence is well justified.
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The results of the estimation of ¢ by IR spectroscopy
are now compared to what can be measured directly from
the HRTEM analysis of sample B [Fig. 1(a)]. The angle
between the QW edges and the growth direction can be
analyzed by taking the Fourier transform of the image
(see Sec. II). This analysis results in a value of ¢ = 14 +
3°, in remarkable agreement with what is obtained from
modeling the IR transmission measurements. From this
agreement, the validity of the geometrical model for the
estimation of ¢ is verified and, also, it is demonstrated that
the ISB transition observed at normal incidence is indeed
due to the V-groove shape of the QWs.

The spontaneous anisotropy of the V-groove QW grat-
ing naturally yields a sensitivity to the polarization of light,
especially at normal incidence. When the light is linearly
polarized parallel to the ¢ axis, the absorption is zero,
whereas for light polarized perpendicular to the ¢ axis,
there is a sizable IR absorption. Thus, the question that
arises is what the photocurrent polarization contrast would
be in a potential device fabricated with these structures.
As opposed to a transmission polarizer, where the ratio of
the crossed to parallel polarizations can be given as a mea-
sure of the quality of the polarizer, here we cannot do the
same, since, for the parallel polarization case, the signal
of the photodetector would be zero and the ratio would be
noninformative or rather unphysical. Thus, it is assumed
that the light is incident at normal incidence on the sample
with a +5° cone of angles.

To compute a figure of merit of this potential pho-
todetector, the integrated absorption intensity in the range
—5% < Byt < +5° is computed from the model. The
results are plotted in Fig. 6(a) as a function of ¢, nor-
malized to the value when ¢ = 0. It can be observed that
the polarization contrast increases with ¢ as expected. For
sample B, where ¢ = 14°, the contrast would be larger
than 80:1 when E L ¢ compared to E || ¢. This result can be
compared to the published literature. A selectivity ratio of
3:1 was found by Chen et al. using (Al,Ga)As/GaAs QWs
that are corrugated by chemical etching [8]. Antoni et al.
[6] reported a contrast of 0.6:1 also from (Al,Ga)As/GaAs
QWs featuring back-side-etched parallel stripes, whereas
Beekman et al. reported a contrast of 2:1 following a sim-
ilar approach [17]. Therefore, it seems that the approach
proposed here could yield a much larger polarization con-
trast than the GaAs technology with no need for postpro-
cessing of the structures and for nearly collimated light at
normal incidence.

Finally, the integrated intensity of the experimental ISB
transition as a function of the angle between the light
polarization axis and the ¢ axis at normal incidence is
plotted in the polar diagram of Fig. 6(b) for sample B
(¢ = 14°) and compared to the model. The calculation
is performed by adding the absorption of the component
of the electric field parallel to the ¢ axis to that perpen-
dicular to the ¢ axis. Note that this calculation is also
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FIG. 6. (a) Calculated polarization contrast at normal incidence
as a function of the V-groove angle ¢ for light with a £5° cone
of angles. The value for ¢ = 14° is indicated with a dotted line.
(b) Experimental ISB transition intensity at normal incidence as a
function of the polarization with respect to the ¢ axis (blue dots).
The orange line is the equivalent calculation from the model.

performed at normal incidence with a +5° cone of angles
as assumed previously. The qualitative agreement [note
that the proportionality constant 4 in Eq. (4) is left as a
fitting parameter] is excellent between model and experi-
ment, adding further evidence of the validity of the simple
geometrical model presented here.

IV. CONCLUSION

To summarize, we have demonstrated that nonpolar
m-plane ZnO/(Mg,Zn)O MQWs can be used to break the
ISB absorption selection rules under normal incidence
thanks to their as-grown, anisotropic QW morphology.
These MQWs exhibit polarization-selective ISB absorp-
tion at normal incidence, with maximum absorption when
the electric field of the light is perpendicular to the ¢ axis,
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which is found in-plane. Through IR transmission spec-
troscopy as a function of the angle of incidence, we have
demonstrated that the polarization-sensitive absorption at
normal incidence is due to the V-groove grating shape of
the QWs. Modeling the ISB absorption coefficient for the
geometry of the V-groove MQW grating, we have been
able to extract its specific angle with extraordinary accu-
racy and it has been confirmed by HRTEM image analysis.
Finally, we have estimated the polarization contrast for
our sample when light is incoming at normal incidence
with a £5° cone of angles and found a 80:1 polarization
sensitivity when E L cvs E || c.
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