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Abstract- We present an electrically tunable optical device
with ultra-broadband tunability operating in 2-10 pm
spectrum. We also, for the first time, optically observe
resistive switching behavior in reflection measurements
under electrical bias.

I. INTRODUCTION

Active control of the optical properties of materials have
always been of significance due to its various applications such
as tunable optical filters [1], beam steering [2], adaptive sensors
[3] and holographic devices [4]. Recently, nonlinear [5],
electro-optic [6], magneto-optic [7], phase change [8] materials,
doped semiconductors[9], liquid crystals [10], micromechanical
structures [11] have been realized in order to gain control over
the refractive index of an optical media. Yet, achieving optical
tunability in a broad spectrum remains a challenge.

In this study, we experimentally demonstrate an electrically
tunable optical device exhibiting ultra-broadband tunability
characteristic in the mid-infrared spectrum. The proposed
device consists of a p-n junction formed by ZnO/p-Si and an
inherent memristor realized by addition of a metallic top
contact (Al/ZnO/p-Si). We obtained a change of about 7% in
the reflection spectra under electrical bias and also, for the first
time, observed a hysteresis in the reflection spectra due to
resistive switching.

II. FABRICATION & MEASUREMENTS

On top of a highly p-type Silicon substrate, we deposited a
blanket of ZnO thin film with 300 cycles of 200°C atomic layer
deposition (ALD) using Cambridge Nanotech Savannah
Thermal ALD. Then, the ZnO layer is isolated into an area of

Figure 1 — Fabricated device structrure along with the voltage bias
configuration

600 um x 300 pm using optical lithography and wet etching
with H,SO4:H,0 (2:100) solution. The deposited ZnO layer is
previously shown to be highly doped with  electron
concentrations on the order of 10" em™[12]. An Aluminum
contact pad with fingers has been formed with consecutive
optical lithography, thermal evaporation and lift-off processes.
The final form of the fabricated structure is shown in Fig. 1.
Electrical measurements are performed using top Al and bottom
Si layers as contacts with Keithley 2400 Source Measure Unit.
Optical measurements from the area with metallic fingers are
performed using a Bruker Vertex 70 Fourier Transform Infrared
(FTIR) spectrometer with a Hyperion 2000 microscope.

1. RESULTS AND DISCUSSION

A voltage sweep loop between -6V and 6V is applied to the
device with 1V steps. At each voltage step, reflection spectra of
the device are measured in the spectral range of 2-10 um,
concurrently. This measurement loop is carried out twice for
consistency. In Figure 2, reflection spectra at the wavelength of
2um as a function of bias voltage is depicted for both of the
measurement loops. A maximum change of about 7% in the
reflection observed. Considering the highly doped nature of
both Si and ZnO layers, the optical characteristics of these
layers in the spectrum of interest is dependent on the amount of
free carriers according to Drude oscillator model in this
spectrum. The depletion width increases under reverse bias and
reduction in the number of free carriers in both ZnO and Si and
induces a change in the reflection spectrum. Under forward
bias, similar mechanism occurs but with an increasing
concentration of free carriers in both layers with shallower
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Figure 2 — A repeatable optical hysteresis in the reflection spectrum
is observed when the bias voltage is swept in a loops.
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Figure 3 — A resistive switching behavior is clearly observed in the
current—voltage measurements.
depletion region. Therefore, any change in the number of free
carriers would contribute to the change in refractive index of
the dielectric layers, and alter the reflection spectrum.

We also observed a repeating hysteresis in the reflection
spectra of the device. In order to evaluate such a hysteretic
behavior, we measured the current-voltage (I-V) relationship
with a voltage sweep. A repeatable memristive hysteresis is
observed in the I-V relationship in Fig. 3. For both optical and
electrical hysteresis, a contrast ratio of about 4 is observed. Due
to very high doping of ZnO layer, the contrast ratio is observed
to be very low. Such an optical hysteresis of a memristive
device is observed for the first time in the literature.

We also investigated the broadband characteristics of the
electrical tunability of the reflection spectra along with its
resistive switching behavior. For the wavelength range of 2-
10pum and bias voltages between -6V and 6V with 3V steps
starting from OV, the reflection spectra is depicted in Figure 4.
When the bias voltage is increased from OV up to 6V or
decreased down to -6V, the entire reflection spectrum increases
by about 5.5%. Such tunability in a broadband spectral range is
obtained with bias voltages that fall into CMOS compatible
region. The optical hysteresis behavior observed in Figure 2 can
also be seen in this figure such that the reflection spectrum is
dependent on its past of the electrical bias. The reflection
spectrum at 3V (or -3V) does not differ from that of OV unless
3V (or -3V) is applied after returning from 6V (or -6V). We
further investigated the mechanisms behind the optical
observation of resistive switching and constant change in the
overall reflection spectra.

1v. CONCLUSION

We demonstrated a broadband electrically tunable optical
reflection device operating in the spectral range of 2 — 10 pm.
We observed change in the reflection spectra as high as 6%.
The bias voltages that are necessary for tuning are on the order
of several volts. We also optically observed the memristive
hysteresis of metal-oxide based structure. This study paves the
way for the utilization of resistive switching behavior along
with broadband tunability in optoelectronic device applications.
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Figure 4 — Spectral response of the device under electrical bias. Time
history of the bias voltage is shown with arrows starting from left to
right. The upward and downward arrows indicate the change In the
reflection spectra.
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