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A B S T R A C T

We report a spatial light modulator (SLM) which consisted of 40 pairs of InGaAs/GaAs/GaAsP
multiple-quantum wells (MQWs) that embedded in an asymmetric Fabry-Perot (FP) cavity
formed by highly reflective back distributed Bragg reflectors (DBRs) and moderate reflective top
DBRs. The center wavelength of FP cavity was designed to have a 20 nm redshift in comparison to
the luminescence peaks of MQWs. The relationship between optical absorption spectrum of
MQWs and the applied negative voltages was modeled based on the quantum-confined stark
effect (QCSE). Large area SLMs with 3mm diameter were fabricated, which exhibited a high
contrast ratio of 12:1 at ≃940 nm with only 2 V bias. The QCSE effect varying with the applied
voltage and the cavity resonant wavelength shifting with the incident angle were also analyzed
theoretically and experimentally. The device is promising to improve system performance and
reduce power consumption of fast emerging high-speed data transmission within data centers
and short board to board interconnects.

1. Introduction

The spatial light modulator (SLM) is operated based on the quantum-confined stark effect (QCSE), which describes the energy gap
change with the application of an external electric field [1]. The SLMs have the advantage of a comparatively low driving voltage, a
high speed, and a large contrast ratio between a turn-on state and a turn-off state to be a natural choice in optical links such as 3D
imaging applications [2–4], fiber-to-the-home applications [5] optical switch [6], free-space optical communication [7], optical
computing and optical correlators [8]. The SLM is also a key element for free-space optical (FSO) communications [9,10], which are
knew as optical wireless communication or laser communication between 850 nm and 1550 nm.

Many efforts have been made to improve its performance. To decrease the operation voltage, a coupled quantum wells (CQW)
electro-absorption modulators with enhanced absorption change at 1550 nm, which exhibited contrast ratios of 4:1 (6 dB) at a 12 V
driving voltage was demonstrated [11]. A stepped quantum well structures operating at 1550 nm with low insertion loss that shows a
7 dB higher extinction ratio compared with coupled quantum well devices were presented by the NU in USA [12,13]. To improve the
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Fig. 1. Schematics of SLM.

Fig. 2. Calculated optical absorption at 0 to 6 volt biases with step 1 volt.

Fig. 3. PL spectrum and reflective spectrum of this grown SLM. The luminescence peaks were at 920 nm.

Fig. 4. The measurement setup of SLM.
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contrast ratio of MQW modulator, utilizing optical cavities such as Asymmetric Fabry Perot (ASFP) modulators was firstly proposed
to present a contrast ratio of 8:1 at a drive voltage of 50 V in 1994 [5]. A light modulator array was made by Israel Lenslet company to
achieve a contrast ratio of 100:1 under 4 V at 846 nm [14]. 1.5× 1.5 cm2 devices exhibit contrast ratio of 8 dB at a driving voltage of
8 V and a modulation frequency higher than 10MHz by a pixelated approach was fabricated by Q. Wang et al. in Sweden [15]. A
novel tensile-strained asymmetric quantum-well absorption layer was to obtain a small-chirp operation and a high extinction ratio
over 11 dB simultaneously was proposed by Y Miyazaki et al. in Japan [16].

Recently, laser transceiver and optical interconnection based on 940 nm were gaining more and more attention in the field of fast
emerging high speed data transmission within data centers and short board to board interconnects [17]. Here we present the design
and fabrication of a InGaAs/GaAsP MQW modulator for 940 nm with contrast ratio 12:1 (10 dB) under a low voltage 2 V.

2. Design and simulation

As depicted in Fig. 1, the structure for the SLM consisted of top distributed Bragg reflectors (2 pairs of AlGaAs/GaAs DBRs, giving
a wide reflection bandwidth), active layer (40 pairs of InGaAs/GaAs/GaAsP quantum well), p-doped and n-doped contact layers,
bottom DBRs (20 pairs of GaAs/AlGaAs designed as a high reflector mirror) and 200 μm GaAs substrate.

In order to obtain acceptable contrast ratios and low voltage swings, we developed a surface normal reflective type modulator
based on InGaAs/GaAsP MQWs for an operating wavelength near 940 nm in this work. To achieve the desired spectrum response,
commonly, a large number of quantum-well stacks need to be deposited which inevitably introduce dislocations or atomic defects at
the heterointerfaces. So a 2 nm GaAs interlayers was inserted between wells and barriers to further prevent lattice relaxation during
the process of epitaxial growth and achieve better crystal quality [18]. The monolayer of strain-neutral GaAs interlayers enhanced the
carrier transport [19] and made the heterointerfaces smoother so that the subsequent layers could be more easily grown. A λ/4n thick
silicon-oxide passivation layer was designed to serve as an antireflection (AR) coating here. In SLM, the switch speed can be limited
by the high device capacitance defined by the area size of the modulators active. In order to lower the large capacitance of the devices
and the high sheet resistance of the p-doped electrode layer. The petals shaped grid p-electrode was formed on top of p-doped contact
layer to reduce the effective resistance that shown in Fig. 1 right. It can help increase the modulation rate and achieve uniform
frequency response over a large area [20–22].

The relationship of optical absorption spectrum versus the negative applied voltages by this designed structure was calculated by

Fig. 5. (a) The modulated reflective spectra of the SLM at room temperature with various reverse biased voltages. The shifting and the broaden of
the absorption peaks induced by the QCSE were demonstrated clearly. (b) The corresponding Contrast ratio of the SLM.

Y. Li et al. Optik - International Journal for Light and Electron Optics 182 (2019) 139–143

141



combining the 3D finite element photonic device simulation software Crosslight and the transfer matrix method, and the results were
shown in Fig. 2. It was obtained after calculating the Eigen energy states by solving the Schrodinger equation with appropriate
boundary conditions [3]. The incident beam was assumed as 920 nm to adjust the response wavelength of 940 nm when bias voltage
was set. When the DC negative voltage applied from 0 V to 6 V, the absorption edge moves towards longer wavelength and the
maximum absorption is reduced, that satisfy the QCSE effect.

3. Results and discussion

The epitaxy structure of the MQWmodulator was grown by metal-organic chemical vapor deposition (MOCVD) on the (100) GaAs
substrate. The photoluminescence (PL) spectroscopy and reflective spectrum was shown in Fig. 3.

The modulation characteristic of the SLM was measured through the built in Fig. 4. A white light source (300–1200 nm) was
delivered to the device through a split fiber. The illuminating light penetrated into the device, and the modulated light reflected from
the device was coupled into the optical fiber and detected by an optical spectrum analyzer. The bias was applied to the SLM through
the pins of the TO package.

The maximum reflective intensity peaks of the SLM had a redshift and a decrease when the backward bias increased from 0 V to
2 V, as shown in Fig. 5(a). The QCSE was considered to cause the obvious change in reflective spectra. The maximum contrast ratio of
12:1 (10 dB) was achieved at backward bias 2 V, and the absorption peak located as 936 nm, as shown in Fig. 5(b).

To test and verify the angled sensibility of the SLM, the modulated reflective spectra for increasing direct voltage with the
incidence angle of 30 °C was also measured and shown in Fig. 6. When the increasing dc bias applied on the SLM, the best modulation
wavelength varied from 936 nm in Fig. 5 to 924 nm in Fig. 6. Accordingly, the contrast decreased to 3.6:1 at the 30 °C incident angle
at 2 V. Nevertheless, it can meet the fundamental requirement contrast ratio of 2:1 in most applications mentioned above.

4. Conclusion

A SLM with InGaAs/GaAsP MQWs for operating at 940 nm is demonstrated in this work. A maximum contrast ratio of 12:1 under
voltage of 2 V (less than 5 V) is achieved, which can be driven by standard electronic circuitry. The QCSE effect varying with applied
voltage and the cavity resonant wavelength shifting with incident angle are also analyzed theoretically and experimentally in this

Fig. 6. (a) The modulated reflective spectra of 30 °C incident light under different DC voltage. (b) The contrast ratio under different DC bias.
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work. The specific wavelength modulator may work as an important role for the short reach optical communication and interconnect.
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