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Abstract

The recent surge of interest in electrostatic actuators, particularly for soft robotic applications, has placed increasing
demands on high voltage control technology. In this respect, optoelectronic bidirectional switching and analogue regulation
of high voltages is becoming increasingly important. One common problem is the leakage current due to dark resistance of
the material or device used. Another is the physical size of such elements. However, their ability to provide galvanic
separation makes them a very attractive alternative to conventional (wired) semiconductor elements. This paper gives an
overview of available methods and devices before introducing a concept based on the combination of photoresistive and
magnetoresistive effects in Gallium Arsenide that are potentially applicable to other semiconductor materials.
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Introduction

Most electrostatically driven actuators require electric field
strengths of up to 4000 V/mm. Ferroelectric (piezoelectric
and electrostrictive) (Waanders 1991), dielectric (elas-
tomer) actuators (Thummala et al. 2012) and electroadhe-
sors (Monkman 2000) are all of increasing interest in soft
robotics (Kim and Tadokoro 2007). In such applications,
the actuators are part of the robotic structure or must be
embedded within a polymer matrix (Zhu et al. 2016). It is
convenient, if not essential, to integrate the high voltage
control device within the same matrix. In addition, galvanic
separation is extremely desirable. In the reverse case,
systems exploiting the movement of dielectric elastomer
actuators to carry out high voltage switching, logic pro-
cesses and even oscillation have been built (Henke et al.
2017). Most rely on the application of force generated by
an electroactive or magnetoactive device against a
piezoresistive polymer for current control (Henke and
Gerlach 2016).

Intrinsic optoisolation is a distinct advantage offered by
photonically, rather than electrically, driven devices. The
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possibility of small-scale fabrication is also essential, and
the ability to be operated bidirectionally is highly desirable.
Using silicone technology, suitable photodiodes are com-
mercially available but are unidirectional because of the
PN-junction and are currently only available in forms
unsuitable for miniaturization (Opto-150 2021). Amor-
phous silicon is known for its ability to handle high volt-
ages and by means of chemical vapour deposition devices
suitable for use with dielectric elastomer actuators have
been built (Lacour et al. 2003; Gillespie et al. 2019).

This paper discusses a range of techniques and devices
capable of controlling high voltages before demonstrating
how the basic photoresistive effect applicable to most
direct band gap semiconductors, including Gallium
Arsenide (GaAs), can be used for such purposes and
greatly enhanced through an additional magnetoresistive
effect. Further details of practical design considerations,
particularly with respect to frequency response are also
discussed.

Photoelectric sensors

The photoelectric effect relies on the work function O of
materials which expel electrons when they are struck by
photons of a high enough energy (Wolfson and Pasachoff
1999). When a negatively charged surface (cathode) of
such a material is held in proximity to a smaller, positively
charged anode (in vacuum), electrons expelled from the
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cathode by photon impact will be attracted to the anode.
The effective kinetic energy of a photon is inversely pro-
portional to its wavelength 1, thus:

_he

=g (1)

where 1 is 6.63 x 107°* Js, ¢ =2.998 x 10° m/s and
g=16x10""C.

Table 1 shows typical work functions and their corre-
sponding maximum operating wavelengths for some basic
photocathode materials. The majority comprise polycrys-
talline alkali metals. For a more comprehensive collection,
the reader is referred to texts with more extensive coverage
(Tipler and Llewellyn 1999; Halas and Durakiewicz 1998).
In the latter case, the measured work functions differ
slightly from those calculated but all are within 5%.

In some cases, these values may differ for particular
crystal structures, for example that of silver can vary
between 4.26 eV and 4.81 eV (Dweydari and Mee 1975).

Sensors of this type, capable of working at up to 2500 V
with an almost infinitely high dark resistance, are com-
mercially available. Furthermore, they are controllable in
an analogue manner with visible illumination and capable
of passing currents of up to 30 pA.

The voltage dependent flow of dark current through a
miniature vacuum photodiode (Hamamtsu, R727) is shown
in Fig. 1. To around 2500 V, there is very little voltage
dependency. Thereafter the dark current rises rapidly
making it of little use at potentials higher than 2500 V.
Physical size and cost of currently available sensors may
also be a problem. However, there is no scientific reason
why such devices could not be cost effectively manufac-
tured at much smaller scales.

The electrical breakdown strength of dry air is nomi-
nally 3000 V/mm at distances above 1 mm (Rigden 1996).
However, at much lower dimensions, and particularly at
low pressures (or in vacuum) this figure rises dramatically
(Paschen 1889). Good use is made of this phenomenon in
field emitters where electrical field strengths of up to
50 kV/mm are not uncommon. Under illumination, the
resistivity of cathodes fabricated from intrinsically doped

n-type and p-type silicon fall to as low as 0.005 Qm and 1
to 10 Qcm, respectively (Langer et al. 2014). The reduced
resistivity can be evoked through pulsed laser irradiation of
the silicon surface resulting in current flows in the nA to
low pA ranges (Langer et al. 2016). However, at larger
scales and normal atmospheric pressure, implementation
becomes a problem.

For much higher voltages, gas filled thyratrons and tri-
gatrons were the traditional switching devices before the
advent of semiconductor thyristors. Triggering is usually
achieved by means of a voltage applied to a grid. This
ionizes part of the gas, which results in an avalanche effect
leading to total ionization that in turn results in a drastic
decrease in resistance between the anode and cathode
(Howatson 1965). Like thyristors, it is impossible to switch
the device off my means of the grid or gate electrode.
Furthermore, hold-on currents tend to be relatively large
thus reducing their potential for switching high voltages at
low currents. An alternative way of triggering is by ultra-
violet light as is the case with flame detectors. However,
the same problem exists in that the voltage supply to the
device must be periodically removed as the gas remains
ionized after removal of the UV radiation. Consequently,
such devices are of limited use in the context of this paper
and will not be discussed further.

Other potential devices include semiconductor PIN and
avalanche diodes (Myres 1980). Unfortunately, all such
components suffer from the existence of PN-junctions,
which are not capable of bidirectional operation with a
single device and are sensitive to electrical breakdown
potentially resulting in permanent damage.

Direct band-gap semiconductor photo-
conductors

In all direct band gap semiconductors (InSb, GaP, CdS,
GaAs etc.) the conduction band minimum corresponds
almost directly with the valence band maximum as can be
seen in the left-hand side of Fig. 2 (Ashby et al. 2015).
Unfortunately, the most common semiconductor, silicon is
not of this form as shown at the right-hand side of Fig. 2.

Table 1 Photocathode

characteristics Photocathode Work function @ (eV) Wavelength A (nm) References

Silver (Ag) 4.26 292 Holzl and Schulte (1979)
Aluminium (Al) 4.06-4.28 290-305 CRC (2008)

Cesium (Cs) 2.14 581 Halas and Durakiewicz (1998)
Copper (Cu) 4.65-4.81 258-267 CRC (2008)

Potassium (K) 2.30 540 Halas and Durakiewicz (1998)
Sodium (Na) 2.75 452 Halas and Durakiewicz (1998)
Nickel (Ni) 5.05-5.35 232-246 CRC (2008)

Silicon (Si) 4.6-4.85 256-270 CRC (2008)
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Fig. 1 Vacuum Photodiode dark Photoconduction
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Due to thermal problems, optically controlled semicon-
ductors for the high voltage switching of Pockel’s cells
using intrinsic silicon were found to be inferior to those
made from GaAs (Mourou and Knox 1979).

When direct band gap semiconductor materials are used
as photo-conductors, incident light causes the generation
and recombination of charge carriers with electron mobility
u. This leads to a decrease in electrical resistance over the

material surface. The carrier transition time between elec-
trical contacts is given by expression (2).

12
td == M_V (2)
where
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u=ue(1+z—’;> (3)

From expression (2), a strong voltage dependency is
clear. For most photoconductive materials, and particularly
Cadmium sulphide (CdS) commonly used in inexpensive
LDRs, this can be a problem. A rapid response time
demands a relatively high voltage.

Given an electron lifetime t (hole lifetimes are com-
paratively short for CdS and so can be neglected), electrons
flow over the distance / between two terminals due to an
applied voltage V. The electron flow increases by a factor
A, given by the ratio between the number of electrons
passing between the contacts and the number of photoni-
cally generated electrons, when the CdS is illuminated
(Gardner 1994).

1%
A=t (4)

Clearly, A is not only light dependant but also strongly
voltage dependant. This is the main reason why most LDR
devices are usable only up to about 200 V.

Although there are some LDR devices capable of
withstanding over 1000 V their characteristics change
nonlinearly above a certain voltage level as shown in
Fig. 3. Consequently, many such devices having a dark
resistance of over 100 MQ at low voltages exhibit dark
resistances some 1000 times lower at higher potentials.
Furthermore, as higher currents flow, due to the relatively

Fig. 3 CdS and CdSSe LDR
dark current [pA] for applied

low dark resistance, the unilluminated underside of the
material acts as shunt resistance leading to thermal effects
which further reduce the resistance causing excessive
current flow (Bar-Lev 1979).

Figure 3 shows three example curves for commonly
available LDRs. Their respective manufacturer’s data are
shown in Table 2. The NSL-4960 (Silonex) and the PDV-
P5003 (Advances Photonics) are Cadmium Sulphide, while
the U-116033 (Perkin Elmer) is Cadmium Sulphide Sele-
nide (Perkin Elmer 2001).

Despite manufacturers designated operating voltages of
under 320 V, samples tested exhibited relatively consistent
high dark resistance to about 1000 V. For most such
devices, a temperature dependency of about 0.35%/°C
resistance change may be observed.

GaAs photoconductive devices

Gallium Arsenide (GaAs) is a direct band gap semicon-
ductor known to have optical sensitivity and undoped GaAs
has the ability to withstand high electric field strengths
(Solymar and Walsh 1993; Hrivnak 1984). The use of
GaAs for the switching of high voltages was first men-
tioned in 1989, though with Schottky contacts (Wiener
et al. 1989). Originally conceived for the control of elec-
trorheological fluid based tactile displays, where large
arrays of small elements are required, GaAs was employed
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Table 2 Characteristics of 3

selected LDR devices Device Material 2 (nm) Ton (MS) Togr (MS) V (max) (V) R, (min) (MQ)
NSL-4960 CdS 515 30 - 320 1
PDV-P5003 Cds 520 25 100 350 1
U-116033 CdSSe 550 30 25 400 1.1

as an optical high voltage switch without PN-junctions
(Monkman et al. 2003). The extremely high dark resistance
of semi-insulating GaAs and low voltage dependency
means that only the surface of the material is brought into
conduction.

Various sizes of semi-insulating GaAs (III/V-Reclaim
181/04-1) wafer were cut (along and orthogonal to the
crystal axes) and tested at voltages up to 10 kV. Electrical
contacts were made using non-Schottky metal-semicon-
ductor connections by means of electrically conducting
paint. This may appear somewhat unscientific, but the
conventional means of indium soldering or SMD contact-
ing using chromium gives rise to diffusion within the GaAs
resulting in unwanted PN junctions, which often suffer
from irreversible damage due to electrical breakdown at
high voltages. Other researchers (Wiener et al. 1989) have
also observed the necessity for standard ohmic contact
procedures.

The configuration described above is illustrated in
Fig. 4. To control higher voltages, the dimensions may
simply be scaled up. Figure 5 shows the characteristic dark
current curves for 2 mm square and 4 mm square elements.
From this, it can be seen that the asymptotic break point for
2 mm devices lies around 2500 V, while for 4 mm ele-
ments the voltage break point is roughly double. Figure 5
reveals a sheet resistance of 375MQ/C] at 3 kV for the
2 x 2 mm elements and at 6 kV for the 4 x 4 mm ele-
ments. At voltages under 2 kV sheet resistance in the GQ/
O to TQ/O can be seen.

Fig. 4 Basic mounting of GaAs
element
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Fitting an exponential growth curve (5) to the data from
Fig. 5, and ignoring small offsets reveals a dark current
proportional to the exponent and the applied voltage and a
constant f3, which is related to the area of the element.

Id = ocev/ﬁ (5)

The constant o is dependent on other factors such as
magnetic field strength, which will now be considered.

Magnetoresistance

Many semiconductors exhibit Hall Effect, and GaAs is no
exception (Kemei et al. 2012). The application of a mag-
netic flux B during current flow of density J is usually used
to generate an electric field E.

For Hall effect (6), all three fields i.e. Jyy, Eyy and B,,,
are orthogonal.

JuB = _anyy (6)

However, in this case a voltage is applied for which the
current flow is in the same direction, and only the magnetic
flux is applied at right angles to the device. This magneto-
resistive effect has also been observed in doped GaAs
MOSFET devices where the greater the magnetic flux
density, the higher the effective electrical resistance (Look
1990).

Figure 6 shows the resistance of a 4 x 4 mm undoped
GaAs device at room temperature (295 K) for a range of
magnetic flux densities from 0 to 0.27 Tesla. The magnetic
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field was provided by 10 mm diameter permanent magnets
mounted behind the GaAs and the flux density measured on
the surface of the GaAs using a Gaussmeter (Lakeshore

@ Springer

Applied Voltage [kV]

455 DSP). The polarity of the magnetic field had no dis-
cernible influence on the effect.



ISSS Journal of Micro and Smart Systems (2022) 11:317-328

323

Below 1.5 kV (2 kV in the cases of 0.22 and 0.27 Tesla
applied magnetic flux densities), the resistance was extre-
mely high and consequent current flow almost zero.

Dividing the applied voltage by the dark current in
Fig. 6 gives the dark resistance. Fitting exponential growth
functions to this and applying expression (5) reveals a
strong influence on o from the magnetic flux density.

Magnetoresistance is defined as the change in electrical
resistance denoted by a magnetoresistive factor AR/R,
(Hirota et al. 2002) which is proportional to the square of
the product of electron mobility 1 and magnetic flux den-
sity B (Hishiyama et al. 2016).

AR Rz —Ry

5 = — =
57 R Ro

o (°B? (7)

However, to be exact, expression (7) is only valid for
very small changes in resistance. A more accurate factor
would be that given by Eq. (8).

/Rll—edR =lIn (I%) =In(1 + Jp) (8)

Ry

This can be verified by recourse to the values shown in
Fig. 6. Using expression (8) the factor over a large range
will now be the same as the sum of that resulting from
smaller increments. With (7) it is not.

Look (1990) is a little more precise and gives the
resistance as a function of magnetic flux density (9).

R(B) = Ro(1 + 1°B?) (9)

For small values of 1> B> Eq. (9) can also be expressed
in exponential form (10).

R(B) = Rye"’” (10)

That the dark resistance is both a function of applied
voltage and magnetic flux density is clearly be seen in
Fig. 6. Here it can also be seen that Jdp is a nonlinear
function of magnetic field strength (assuming unity mag-
netic relative permeability p,). Closer observation of Fig. 6
reveals an exponential decay function between o and
magnetic flux density B.

Iy=eBleVIb = V=B (11)

Combining both effects in Eq. (11) gives the general
dark current characteristics, where 7y is a constant related to
the magnetoresistance of the element.

Figure 7 shows spectral measurements over the range
400 to 900 nm. These are typical for GaAs and very similar
to those from other authors (Salzberger et al. 2017). No
discernible differences were observed between spectral
plots with or without an applied magnetic field.

These are similar to absorption curves in crystalline
GaAs (400-860 nm) intended for photovoltaic purposes

(Eyderman et al. 2014). GaAs has a band gap energy of
1.42 at 300 K which limits the wavelength to around
900 nm anyway.

Test and evaluation

The complete configuration, depicted in exploded view
form in Fig. 8, comprises a permanent magnet (or elec-
tromagnet), the GaAs element and an LED mounted in a
lightproof housing.

During illumination, photoconduction dominates mak-
ing measurable effects of the magnetic field negligible.
However, just above the conduction threshold, the appli-
cation of the magnetic field can be used to quench con-
duction and so provide magnetic class-D modulation of the
device if required.

As shown in Fig. 7, GaAs is sensitive at the red/infra-
red end of the electromagnetic spectrum and illumination
wavelengths between 200 and 850 nm are usually suit-
able (Pesavento 1987).

A 640 nm LED was characterized using a 9.5 mm
diameter silicon photodiode power sensor (Thor Labs
S130VC). Figure 9 shows the LED optical output power
for given electrical input power. Contrary to most of the
GaAs curves, the graph shown in Fig. 9 is represented by a
second-order polynomial function (12).

Py = 0.014P; —3.2- 107> P? (12)

Figure 10 shows the electrical resistances of the device
under different levels of illumination. The values given are
LED input powers. Below 1 kV in Fig. 10a and under
1.5 kV in Fig. 10b, the resistances shown are too high to be
presented on a reasonable graphical scale and so have been
omitted.

In these measurements, the increase in dark resistance
approached a plateau over 0.2 Tesla axial field. This is in
line with other researchers findings (Viana et al. 2012). For
a transverse magnetic field, the effects were found to be
less pronounced. Like all semiconductors, many electrical
characteristics of GaAs are temperature dependent and this
effect results in a reduction in electrical resistance at higher
temperatures and a peak for a given flux density (Viana
et al. 2012).

Only at relatively low levels of illumination, can the
effects of an applied magnetic field be seen. At higher
levels, the characteristics are very similar regardless of the
magnetic field strength. Consequently, in GaAs, photo-
conductive effects dominate over magnetoresistive effects.

Response time

The rate at which the conductivity of the device increases
during illumination is given by the difference between the
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rates at which charge carriers are created and recombine,
and vice-verse for the carrier decay rate. For GaAs the
electron and hole mobilities are y, = 0.85 m?> V™' s7' and
1, = 0.045 m* V™' 57!, respectively (Ashby et al. 2015).

When direct band gap semiconductor materials are used
as photo-conductors, incident light causes the generation
and recombination of charge carriers with electron mobility
u. This leads to a decrease in electrical resistance over the
material surface. The carrier transition time between elec-
trical contacts is given by expression (13).

@ Springer
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where

p= ue(l +&> (14)
He

Consequently, from (13) the carrier transition time over
a2 mm GaAs surface at 2000 Volts should be in the region
of 2 ns. However, this does not take into account the
capacitance of the device and its respective electrical time
constant.
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Fig. 10 Illuminated GaAs a without magnetic field, b with 0.27 T magnetic flux density

Many optical functions of GaAs have been determined
by two-channel polarization modulation ellipsometry. At a
wavelength of 620 nm (2 eV) GaAs (111) and (100) has a
refractive index n = 3.873 and an absorption coefficient
(attenuation constant) o = 47,990 cm™! (Jellison 1992).
The relative permittivity is the square of the refractive
index so ¢, = 15.00.

According to the Beer-Lambert Law, the penetration
depth (skin depth) of electromagnetic radiation is defined
as the depth at which the intensity of the radiation (z)

inside the material falls to /e (about 37%) of its original
value I.

I(Z) = e ™

(15)

The penetration depth is the reciprocal of the attenuation
constant (//o) which is 0.208 pm for o = 4,799,000 m L.
This means that almost all of the 625 pm thick GaAs wafer
contributes to the capacitance which, given ¢, = 15.00,
equates to about 0.083 pF.

The electrical time constant is simply given by the
product of capacitance and resistance t = CR. However,
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the rate at which a given resistance is reached depends on
the carrier transition time. With an instantaneous illumi-
nation, a resistance of 2 MQ should be reached within 2 ns.

However, the capacitance dominates and so the resulting
rise time is given almost exclusively by the simple CR time
constant (16).

Ton = CR = 166 ns (16)

When the illumination ceases, the dark resistance of 4
GQ is also reached in just over 2 ns giving the decay time
in expression (15).

Tofr = CR = 332 S (17)

Tests carried out on 2 mm by 2 mm GaAs elements,
switched at 2000 Volts reveal slightly longer rise times, but
comparable decay times (Zappa et al. 2004). This generally
in line with other findings which claim switching pulse
width typically 10 ps to 10 ms (Mourou 1980).

Current carrying capability

With a density of 5.3267 g/cm? (Sze 1981), the 2 mm
square and 4 mm square GaAs elements used in this work
have masses of 0.013 g and 0.051 g, respectively. This
presents little difficulty for the integration of a plurality of
such devices in almost any system. Although not intended
for large current applications, with all such embedded
devices, heat generation in an important factor.

It can be observed from Fig. 10 that, under illumination
and an applied magnetic field, the resistance rapidly sinks
to a few hundred kQ. With respect to expression (1), the
penetration depth of 0.208 pum means a 2 by 2 mm area
GaAs element has an effective cross-sectional area of 416

p=— (18)

According to (18), the effective electrical resistivity
during conduction is 0.0208 Qm, which is comparable to
that of Germanium (Hrivnak 1984).

Although the resistivity characteristics of doped GaAs
can vary around the room temperature region (Wang et al.
2011), like other semiconductors such as Germanium and
Silicon, GaAs devices have a negative temperature coef-
ficient (Viana et al. 2012). However, the application of a
magnetic field mitigates this process somewhat, as the Hall
mobility in GaAs reduces with increasing temperature
(Blakemore 1982).

In many miniaturized applications, the weak point is not
the element itself but the interconnections, particularly
where metallization is involved. A current density of 2000
MA/m? in copper and silver tracks used in hybrid thin film
devices leads to a 16 °C temperature increase in normal

@ Springer

atmosphere (Kilgore et al. 2005). This equates to a maxi-
mum current of around 80 mA but such a temperature rise
would be undesirable, particularly in polymeric embedded
systems.

Without embarking on a thermodynamic analysis, it
should be clear that for most high voltage devices, such
current densities are unrealistic. This is particularly so with
respect to integration into miniature or soft robotic devices.
To compare with commercially available high voltage
optical diodes, a maximum power dissipation of 1.25 Watts
at 15 kV (Opto-150 2021) means a maximum current of 83
pA. The GaAs devices discussed here can easily achieve
similar current levels.

Conclusions

This work has reviewed an important aspect of high volt-
age control, which is of growing interest in many scientific
areas including that of smart materials, systems and devi-
ces. Conventional photoelectric and photoconductive
devices have been examined and their relevance to such
applications considered.

Finally, the electrical resistance of undoped semi-insu-
lating GaAs has been shown to be a function of applied
voltage, magnetic field and optical illumination. All three
effects have been measured individually and devices
characterized. As a result, optically isolated analogue
control of very high voltages can be achieved in single
GaAs semiconductor elements. The lack of PN-junctions
ensures electrical robustness whilst allowing bidirectional
control in a single element. The comparably high dark
resistance of GaAs can be further increased through the
application of a magnetic field, which can easily be
achieved using small permanent magnets rather than large
and bulky coils. Consequently, such elements can be fab-
ricated at small scales making them suitable for direct
integration, together with photonic sources such as LED or
laser emitters. Alternatively, the optical signals can be
delivered by means of fibre optic links thus ensuring gal-
vanic  isolation and  additional electromagnetic
compatibility.

Application examples include the control of electroac-
tive polymers and electroadhesors in soft robotics, elec-
trorheological fluids, piezoelectric and electrostrictive
elements used in tactile displays and other sub-miniature
mechanisms. The control of conventional electro-optic
devices such as Pockel’s cells, photomultipliers are also of
interest.
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