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Holographic arrays based on semiconductor microstructures
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A concept of complex reflectivity modulation is proposed based on the electrical control of quantum well
exciton resonances that influence the propagation of light in a layered semiconductor structure. By variation
in exciton energies, both the intensity and the phase of reflected light can be fully controlled. Unlike previous
devices, for full complex light modulation, the design is based on a single device in a single structure. The device
allows complete 100% intensity contrast and allows for the construction of small pixel sizes with fast response
times.
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I. INTRODUCTION

Electronically controlled spatial light modulators, that vary
the amplitude or phase of light, have given rise to a variety
of optoelectronic technologies, such as high-speed optical
switches and filters, as well as tunable lenses suitable for auto-
focus cameras, adaptive three-dimensional imaging,1 and light
steering.2 In addition, increases in computational power are
set to enable the emerging technology of computer-generated
holography,3 useful for displays, data transmission, data
storage,4 and optical tweezers.5 Due to hardware restrictions,
most existing routes rely on phase-only modulation, which
requires intensive algorithms for holographic fringe pattern
calculation.6 Hardware capable of independent variation in
phase and amplitude is expected to allow more flexibility in
system designs and to improve performance characteristics.7

Earlier methods for the simultaneous modulation of am-
plitude and phase have been based on liquid-crystal spatial
light modulators where one can consider the alignment
of two spatial light modulators,8,9 the use of double-pass
configurations,10,11 or the encoding of complex light over mul-
tiple pixels.12–14 A recent technology is based on a combination
of four liquid-crystal pixels arranged into a “superpixel” of
size (2 × 19 μm)2.15 Despite their versatility,16 liquid crystals
typically have limited response times. The response times of
ferroelectric liquid crystals are inversely proportional to the
applied voltage and achieve values of τr ∼ 4 ms for moderate
electric fields ∼130 kV/cm (Ref. 17). For faster spatial
light modulation, digital micromirror devices (τr ∼ 20 μs)
(Ref. 18) and blue-phase liquid crystals (τr ∼ μs) (Ref. 19)
have been developed. Also, for beam switching applications,
acousto-optic modulators can respond within the time taken
for phonons to cross the beam, which may be in the 5–100-ns
range. However, devices capable of independent amplitude
and phase modulation based on these systems have not been
considered, probably due to the likely necessity of coupling
together multiple devices requiring very careful alignment.

Here, an alternative scheme of amplitude and phase
modulation is considered based on the interaction between
quantum well excitons and light propagating in a distributed
Bragg reflector. Unlike previous devices, simultaneous analog
control of the amplitude and phase of emission is arranged
in a single compact solid-state microstructure. The device has
no moving parts, unlike micromirror devices, and does not
rely on pulse width modulation (temporal multiplexing). The

pixels of the device can be arranged by laterally patterning the
system into quantum boxes. From the available technologies:
Bragg reflector layer thickness variation,20 metal surface
patterning,21 or micropillar etching22 are all capable of micron-
sized pixels. The device is based on electrically controlled
modulation of the reflectivity. The intrinsic time scale of the
system is the exciton lifetime, which is fast in the range of a
few picoseconds such that repetition rates will more likely be
limited by external factors, such as time scales of the control
electronics.

It is well known that the (complex) reflection coefficient
of light, of frequency ω, incident on an exciton resonance in
a quantum well follows the Lorentzian-type line shape given
by23

rQW = i�0

ω0 − ω − i(γ + �0)
, (1)

where �0 is the radiative broadening, ω0 is the exciton
frequency, and γ is the homogeneous broadening.

Since the exciton frequency can be controlled by
electric24,25 or magnetic fields,26 one has a pixel capable of
the modulation of the amplitude and phase or reflected light.
However, since there is only one variable ω0, it is not possible
to control the intensity and phase independently with a single
resonance. Furthermore, the phase does not vary over the
complete range of 0 to 2π . To circumvent these problems,
a design based on the simultaneous excitation of two exciton
resonances is considered. Through independent variation in
the energies of each resonance, intensities and phases can be
chosen arbitrarily with the phase extending over a full 2π

range.

II. SCHEME

A scheme for the construction of a device with two
independently tunable exciton resonances is shown in Fig. 1.
Alternating layers of refractive index [e.g., AlGaN/AlInN
(Ref. 27)] form DBRs, and a central layer forms a cavity that
confines light. The top layer of the structure is coated in metal
(e.g., gold, aluminum, or silver28,29). Similar to the design of
Ref. 30, quantum wells (QWs) are grown within the Bragg
mirror layers, and Fig. 1 considers a case where two quantum
wells are grown in different layers near the top of the structure.
The use of GaN quantum wells allows one to work with exciton
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FIG. 1. (Color online) Scheme of a complex spatial light modula-
tor based on distributed Bragg reflectors (DBRs), two QWs, and two
conducting layers. Note that the illustration is not to scale and that, in
reality, the lateral size of the pixel would exceed the total thickness of
the semiconductor layers. It is assumed that the conducting layers can
be independently connected to control electronics (not shown).28,31,32

resonances at room temperature. A second conducting layer is
placed in the structure between the two quantum wells. The
purpose of this layer is to apply electric fields with different
voltages across the two different quantum wells. In principle,
this layer could also be made from metal, in which case, the
system is similar to the double-metal contact devices that are in
development for polariton lasers.28,31,32 However, it should be
pointed out that only a few structures have been successfully
grown with metal layers between other layers in the system,
for example, in a pioneering paper where organic layers acted
as spacers.33 In GaN-based systems, the use of a transparent
conductive oxide (TCO), such as indium tin oxide is perhaps
a more-established technique.34,35 This layer can be grown
with a thickness matching the Bragg reflector periodicity, thus,
forming an integral part of the structure while able to connect
to an external voltage.

Given that the gold layers are neighbored by undoped
semi-insulating material, the charge of the conducting layers
can be varied independently through the engineering of metal
contacts (not shown in the figure). The charged layers, with
lateral size exceeding the size of the cavity in the growth
direction, each contribute a roughly uniform electric field given
by F1,2 = σ/(2ε), where σ is the uniform charge density and
ε is the permittivity. If the conducting layers have the same
sign of charge, then the electric field experienced by the upper
quantum well is given by the difference F2 − F1, whereas, that
of the lower quantum well is given by the sum F1 + F2. Thus,
the electric field of each quantum well can be independently
varied by varying the charge of the conducting layers. Applied
electric fields allow control of the resonance energy of excitons
within each quantum well via the quantum-confined Stark
effect over a range of ∼75 meV.36

The distribution of the optical field in the whole structure
can be found from the transfer-matrix technique23 and is
shown in Fig. 2(a) for the case where the quantum well
exciton resonances are strongly detuned (blue solid curve)
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FIG. 2. (Color online) (a) Distribution of the real part of the
optical-field amplitude in the structure considered in Fig. 1 with
quantum well excitons detuned (blue solid curve) and resonant (purple
dashed curve) with the cavity mode energy. The variation in the
refractive index of the system is shown in gray, and the vertical
dashed lines mark the positions of the quantum wells. The angle
of incidence was chosen as 10◦. (b) Reflectivity of the system for
TE (purple solid) and TM (blue dashed) polarizations. The green
dot-dashed curve shows what the TE reflectivity would be with the
top metal layer removed. The gray arrows mark the cavity mode
wavelength (solid) and quantum well exciton wavelength (dashed).

and resonant with the cavity mode (purple dashed curve).
Realistic parameters were chosen corresponding to a GaN-
based system with the Bragg mirror after the cavity made from
Si/SiO2 layers,27 which have a higher refractive index contrast.
To allow for straightforward separation of the incident and
reflected fields, the system is excited at an angle of incidence
of 10◦. Note that, although the majority of light is trapped
near the cavity layer, there is still a significant intensity at the
position of the quantum wells. As is seen in Fig. 2(a), the
tuning of the exciton resonances can then have a significant
effect on the amplitude and phase of the reflected light.

To account for the inhomogeneous broadening of excitons
	 caused by disorder, Eq. (1) was modified37

rQW = −
√

π�0w(z)

	 + √
π�0w(z)

, (2)

where w(z) = e−z2
erfc(−iz) and z = (ω − ω0 + iγ )/	. The

values for the inhomogeneous (5 meV), homogeneous
(0.1 meV), and radiative broadening (0.4 meV) in GaN
quantum wells were taken from Ref. 37.

Figure 2(b) shows the dependence of the reflectivity of the
system on the frequency of light. The quantum well resonances
are tuned within the stop band of the DBR mirror, and the light
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FIG. 3. (Color online) Variation in the reflected intensity (con-
tours) and phase (color scale) of the system with E1 and E2. In the
absence of an electric field, the quantum well energies are chosen
at the center of the stop band of the DBR reflector h̄ω̄, marked by
the dashed gray arrow in Fig. 2(b). 	E1 and 	E2 represent the
electric-field-induced shift in the exciton energies from this value.
The light frequency was chosen at the cavity resonance frequency
[gray arrow in Fig. 2(b)].

frequency is chosen to be resonant with the cavity mode at the
frequency marked by the gray arrow. Due to the nonzero angle
of incidence, the reflectivity is slightly different in the TE
and TM polarizations. For simplicity, we will consider the TE
polarization throughout the rest of this paper. The presence of
the top metal layer has a small effect on the reflectivity [the
green dot-dashed curve in Fig. 2(a) shows the case of no top
metal layer]. By choosing a thin layer (10 nm), the losses due
to absorption in the metal are minimal. They were accounted
for by using the Drude model, which gives rise to a complex
refractive index.38 Absorption losses due to the TCO layer
were also accounted for.

III. ELECTRICAL DEPENDENCE OF COMPLEX
REFLECTION COEFFICIENT

The modification of the complex reflection coefficient by
varying quantum well energies E1 and E2 can also be found
from the transfer-matrix technique. Figure 3 shows the typical
variation in the phase (colors) and intensity (contours). Due to
the appearance of a vortex-type structure in the E1-E2 plane,
it is notable that the variation in E1 and E2 over a range
not exceeding 0.35 meV gives access to a variety of reflected
phases and intensities.

Given the freedom of phases and intensities indicated by
Fig. 3, the possibility of full complex modulation of the re-
flected field is assessed by plotting the available combinations
of intensity and phase. This is shown in Fig. 4, using steps of
0.2 meV for E1 and E2. The color scale shows the quantity
˜	E = max{|E1 − h̄ω̄|,|E1 − h̄ω̄|}, which is an indication of
the energy shift applied to the excitons in the two quantum

0 10 20 30

�E
	

�Π 0 Π
0

0.2

0.4

0.6

0.8

Reflected phase �rad�

R

FIG. 4. (Color online) Reflected intensity coefficients (R) and
phases for variation in E1 and E2 over a range of 35 meV. The
spacing of the spots indicates the accessible points with variations in
E1 and E2 in steps of 0.2 meV. The color scale shows the value of
˜	E, defined in the text, for each point.

wells—red represents a large shift, whereas, blue represents
a small shift. It can be seen that a continuum of possibilities
exists below R = 0.1. In this region, by recording the intensity
and phase for different values of E1 and E2, a lookup table
of values could be constructed, linking each desired value of
intensity and phase to a pair of input voltages. The full range of
phase (2π ) is accessible and, since points can be chosen with
near-zero-reflected intensity, 100% contrast is achievable. The
white regions above the gray curve in Fig. 4 show inaccessible
intensities and phases with the present scheme. The white
regions below these curves are not accessible using an exciton
shift of up to 35 meV, however, they can be covered by larger
exciton shifts.

The change in the reflectivity, depending on the exciton
resonance tuning, is a consequence of the absorption of light
by excitons in the quantum wells. Although part of this light
would be reemitted by stimulated emission processes from the
excitons and would appear in the reflected signal, a remaining
part of the light would contribute a photoluminescence. This
can be separated from the reflected signal by spatial filtering
(the reflected signal is emitted at a certain angle) and, if
necessary, additional energy and polarization filtering.

The neglect of spatial dispersion effects assumes that only
one confined mode is excited in each pixel, which requires a
monochromatic optical field with the correct spatial profile.
For a large pixel, a uniform incident field would be required to
excite a single mode in reciprocal space. To demonstrate the
principle of operation, it was assumed that the applied electric
field modifies only the exciton energy. In reality, the values of
�0, γ , and 	 could also depend on the applied electric field.
A more detailed treatment with self-consistent calculations,
including the dependence of all parameters on the field-
dependent exciton wave functions, would be more accurate
and can be expected to slightly modify Fig. 4. However,
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provided the qualitative feature of Fig. 4—it encompasses a full
range of phases and intensities—remains, the scheme of the
proposed device does not change. The presented results also
neglect nonlinear effects, such as exciton-exciton interactions
and are, thus, valid in the linear regime of moderate light
intensity. Recalibration with an additional nonlinear shift in
the exciton resonance would be needed for a high-intensity
operation. Finally, it was also assumed that each pixel can
act independently and that exciton tunneling between pixels
was negligible. When considering the whole array structure,
corrections due to the electric fields applied to neighboring
pixels might need consideration for small pixel spacings. In
principle, these corrections could be calculated by a control
algorithm.

IV. CONCLUSION

A device for complex spatial light modulation, with
independent control of intensity and phase, is proposed.
The presence of quantum wells inside a distributed Bragg
reflector can significantly influence the reflectivity due to
the interaction of light with exciton resonances. The use of
metal/transparent-conducting oxide layers, grown as part of
the structure, allow the application of electric fields that shift
the exciton resonance energies within the quantum wells via

the quantum-confined Stark effect. Through the variation in
exciton energies in two different quantum wells, a full range
of phases (2π ) can be imposed on the reflected optical field,
together with an independent choice of intensities over a range
supporting 100% contrast.

It should be stressed that the complex (intensity and phase)
spatial light modulation is achieved in a single semiconductor
heterostructure, which is not possible with other technologies.
Indeed, the possibility of pixels of typical size 5–10 μm is sim-
ilar to (or slightly better than) what is achievable with digital
micromirror or liquid-crystal technologies. However, for these
technologies to give complex spatial light modulation, one
must couple multiple devices, resulting in a macroscopic size
that is challenging to align. In addition, the proposal of this
paper avoids the need to wait for moving parts as in digital
micromirror devices or the reorientation of liquid crystals
such that fast response times are expected. A typical exciton
lifetime, around a few picoseconds,37 would allow repetition
rates in the 10–100-GHz range.
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