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The Use of Light-Emitting Diodes in
Electrophysiology and Psychophysics

Chris Hogg

Light-emitting diodes (LEDs) are nearly ideal
sources for many purposes. They are small, require
low voltages and currents to drive them, and can be
controlled by simple electronic means to give either
continuous light outputs or extremely brief flashes
(or both together) over a large range of intensities.
Their light output changes by less than 10% in inten-
sity or relative spectral emission over 50,000 hours of
use.’® These properties not only simplify calibration
but also reduce the frequency with which it is
needed. Many different colors of light are available
in a variety of different packages with differing opti-
cal properties. The majority of the available devices
are inexpensive. The chief difficulties users are likely
to experience are due to the low intrinsic source
brightness, which is considerably less than for some
arc or incandescent sources. Nevertheless, even
where considerable quantities of light are required
(for example, in electroretinography (ERG), LEDs
can be used to advantage.

LEDs are members of the family of epitaxial semi-
conductor junction diodes. A junction is formed by
growing a very thin crystal of a semiconductor di-
rectly onto another, slightly different semiconductor
surface. The two layers of semiconductor material
(frequently gallium aluminium arsenide) each con-
tain different impurities (dopants). As a result of
these impurities, one layer contains an excess of free
electrons and the the other an excess of holes (posi-
tive charge). The energy required to move a charge
across the junction against the concentration gradi-
ent of free electrons or holes is considerable and
larger than in other types of diode (approximately

3:1). This energy “band gap” must be exceeded if
current is to be passed through the junction. When
the device is forward biased, electrons move from
the negative material to the positive, and a corre-
sponding movement of positive charge or “holes”
occurs in the reverse direction. When an electron
and hole pair recombine, energy is emitted as a pho-
ton. The characteristic wavelength of the photon is
given by the energy band gap. Thus, it is more diffi-
cult to produce short-wavelength LEDs since the
higher energy gap must be maintained with the con-
trolled flow of charges. The construction of the epi-
taxial layer determines the direction of light emitted,
and the absence of a resonating (reflective) cavity
prevents the stimulated emission of radiation by the
photons, so the light is not coherent and contains a
number of differing wavelengths. However, light is
emitted over a relatively narrow bandwidth. For a
typical red LED (for illustrative purposes, a Stanley
HBR5566X) the peak is at 660 nm, and the half-
power bandwidth is = 30 nm. The construction of a
“typical” LED is shown in Figure 28-1.

The semiconductor is mounted on a “lead frame”
and encapsulated in a plastic (epoxy) housing with
an internal spherical lens. The combination of junc-
tion structure, epoxy, and lens type determines the
spatial output characteristics of the device, and for
many LEDs, including all the “brightest,” the light is
concentrated in a cone, which can be represented in
a polar diagram (Fig 28-2) with a half-power spatial/
polar distribution of = 7.5 degrees.

A typical device requires 50 mA at around 2 V to
produce its maximum output, so it is both easy to

221
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FIG 28-1.
Construction of a typical LED.

control and intrinsically safe to use in a clinical envi-
ronment. The junction of most modern devices thus
exhibits low electrical impedance but is nevertheless
fairly robust, being able to tolerate significant over-
loads for short periods. Various types of LEDs are
available. Some are devised for special purposes, for
example, alphanumeric display components or indi-
cators. There is a great range of shape, size, and in-
tensity. A number of devices are packaged with ad-
ditional circuitry that provides a constant current
flow or flashes the device on and off. Other devices
contain more than one junction and can produce
two or even three colors, but these are so specialized
that their value for purposes other than those for
which they were designed, that is, for instrument
displays, is limited. However, some square-pack-
aged arrays may be useful for producing checker-
boards or similar displays.

The colors quoted by manufacturers vary from in-

FIG 28-2.
Polar diagram showing the concentration of light in an LED.

frared to blue, but this may be misleading. In gen-
eral, red LEDS are by far the brightest and have
peak emission at 660 nm. Yellow LEDs are also effi-
cient light emitters and peak at about 580 nm, so a
variety of oranges can be obtained. Green LEDs are
now available with a considerable light output.
However, all have peak emission at about 560 nm,
which, it should be remembered, is the peak of the
photopic relative spectral sensitivity curve. This
characteristic is unfortunate since “green” light is of-
ten thought to stimulate rods selectively. Various fil-
ters are also incorporated in the plastic capsules of
green LEDs to remove the longer wavelengths, but
none provides a filter effective enough to modify the
output in any significant manner. If additional exter-
nal filters are employed, it will be found that the
proportion of light emitted below 510 nm is so low
(<5%) that it is difficult to obtain a blue-green light
of adequate intensity for most electrophysiology.
Blue LEDs are currently available from only one
manufacturer and are significantly different from all
others. They have considerably less light output,
and the voltage required at the junction is signifi-
cantly higher, as is the junction capacitance. The
peak of the light output is at 480 nm, but the band-
width is wider than that of many other devices and
asymmetrical, being broader toward the longer
wavelengths. The relative spectral emission varies
somewhat with the drive current. The devices are
also much more costly and “fragile.” A single red
LED may cost a few pennies, while a blue LED
with Yoo the output costs $50. Nevertheless, blue
LEDs are very useful to the physiologist and clini-
cian and, with suitable filtering, can provide wave-
length stimuli as low as 450 nm or extending to as
high as 520 nm; thus, LEDs can be used for many
purposes previously requiring incandescent sources
and monochromators or interference filters.

The relationship between applied current (or volt-
age) and light output of a typical device is shown in
Figure 28-3 and, for a region of about 1%2 decades,
can be seen to be approximately linear. Above or be-
low this region, marked nonlinearities occur. Since
in general users wish to control the intensity in a
simple ergonomic way over a much larger range, a
variety of drive circuits have been devised.

For a simple flash stimulator a voltage drive cir-
cuit may be used quite effectively (Fig 28—4) and the
relationship between light output and applied volt-
age determined by calibration. Better performance
can be obtained by replacing the voltage drive with a
current source or ideally by placing the LEDs in the
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LED characteristics
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FIG 28-3.
Relationship between applied current and light output of a
typical LED.

feedback loop of a current drive (Fig 28-5). This
technique, while a significant improvement over the
simple circuit in Figure 28-4 still limits the range of
linearity available to around 2% decades. Thus if a
true sinusoidal output is required, the depth of
modulation can never be 100%.

Two alternative techniques may be used to obtain
linear control over intensity. The first consists of
pulse density modulation.”® The LEDs are driven
by pulses of about 100-ns duration, each of fixed
power content. Light intensity is altered by chang-
ing the repetition rate of the pulses. An upper pulse
frequency limit of 5 MHz is readily attained. For low
intensities, a rate of 50 Hz is well above the critical
fusion frequency of the human eye, and thus a wide
range of intensity of an apparently continuous
source can be achieved. If these pulses are derived
from a linear voltage-controlled oscillator (VCO), a

FIG 28-4.
Voltage drive circuit of a simple flash stimulator.
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FIG 28-5.
Feedback loop of a current drive to enhance the perfor-
mance of an LED.

device in which the frequency of the output is re-
lated to the applied voltage, the output pulses are
shaped and used to drive the LEDs through a fast
switching circuit. Although good VCOs with the re-
quired range are difficult to produce, several are
available as either integrated or hybrid circuits and
can be driven from any waveform source so that
very complex temporal changes can easily be pro-
duced. The light intensity may also be simply con-
trolled without changing the waveform by passing
the output of the VCO through frequency divider
circuits. These mayv be readily produced by using
standard logic components. Thus, a visual stimula-
tor with a dynamic range of six orders of magnitude,
consistent modulation capability, high stability, and
fine control of intensity may be easily produced.

One major drawback to the pulse density modula-
tion system derives from the high-speed switching
of LEDs, especially if an array dissipating large
amounts of energy is required. Each pulse contains
frequency components much greater than the pulse
repetition rate (5 MHz) that are caused by damping
inadequacies of the power switching circuits. Thus
the LED array acts as a very high frequency (VHF)
radio transmitter and may radiate tens of watts. Be-
cause the source is usually very close to both the pa-
tient and preamplifier and since modern clinical am-
plifiers use high-input impedance field effect
transistor input stages, which in practice make very
effective FM radio receivers (the common-mode re-
jection ratio [CMMR] is relatively low at a very high
frequency for the technically minded), large stimu-
lus artifacts are generated. Therefore the pulse mod-
ulation technique is primarily of use for psychophys-
ical experiments.

An alternative approach is to use a low-frequency
current source to drive the LEDs and continuously
measure their output with a photodiode or similar
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device. The output from the detector circuit is com-
pared with the waveform input signal and any dif-
ference used to modify the LED drive current and
thus the light output. This “constant current modu-
lation” approach will only operate effectively over a
range of three to four orders of magnitude; to go be-
yond this would require an unduly complex set of
drive circuitry.

ARRAYS

The low power requirements and general ease of
use make LEDs an ideal choice for many types of
stimulator; however, because of both the size of the
radiating area and the relatively low radiant energy
of many types of LED it is generally necessary to
use a number of devices to construct an effective
stimulus. Here again the low drive requirements
make it a simple matter, providing some care is
taken in the design to interconnect a number of the
diodes in an array. By using either the pulse or
constant current modulation approach an array of
several hundred LEDs can be assembled to provide
the required stimulus. They can be connected in
series, parallel, or a combination of both. Thus if
nine devices are required for the stimulus and the
power unit has an output of 9 V (three LEDs, each
with a forward voltage drop of 2 V at 50 mA, could
be connected in series [Fig 28-6, A]), then three
identical chains connected in parallel (Fig 28-6, B)
will give a stimulus with maximum light output at
150 mA. Care should be taken to ensure that the
forward voltages of the diodes are similar or, alter-

Series connection. Serles/Parallel connection.
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FIG 28-6.

Series and parallel connections of LEDs.

natively, select a resistor to balance the current
through the three chains.

APPLICATIONS

Since Drasdo and Woodall” first employed LEDs
for scotometry a wide range of equipment has been
described, mostly for psychophysical testing. Thus,
LEDs have been used for determining de Lange
curves in clinical circumstances, for analyzing rod-
cone interactions, for measuring dark adaptation
and spectral sensitivity, for field screening, and for
many other psychophysical and electrophysiological
applications.

STIMULATORS FOR
ELECTROPHYSIOLOGY

Visual Evoked Response

Commercially available stimulators include LEDs
mounted in goggles similar to those used by swim-
mers (Nicolet instruments). A small array of red
LEDs is used. They are designed for monitoring the
visual evoked response (VER) in special conditions,
such as in operating theaters where the small size
and low voltages used are advantageous. Arrays
of square red LEDs used to produce small high-
contrast checkerboard displays ideally suited to
transportable recording systems are available from
most manufacturers. In another application, LEDs
were used to produce a stimulator that could be
used inside an oxygen incubator for premature
infants.'*

Electroretinography

Alfieri and Sole’ described the use of yellow LEDs
to produce mixed rod and cone responses. Kooijman
and Damhof'* mounted red, green, and blue LEDs
on a contact lens to obtain a greater range of stimuli.
However, such systems do not generate light of in-
tensity equivalent to common discharge lamps. The
recent development of high-efficiency LEDs* has
modified this position. Figure 28—7 shows the ERGs
obtainable with an array of 250 LEDs used to form a
“Ganzfeld” stimulator. It can be seen that these are
comparable to those obtained when using a Grass
PS22 strobscope.? Light intensity is usefully varied
over a range of 3 x 10° by altering both the intensity
and the duration of the flashes. The maximum flash
duration for which Bloch’s law holds is 30 ms; in our
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A, responses 1 to 6 show the ERG, recorded from green LEDs over a range of 4.5 log units: the weakest stimuli evoke a
“threshoid negative response,” the intermediate stimuli smooth rod b-waves of increasing amplitude and decreasing latency,
and the more intense flashes produce large a-waves and oscillatory potentials. B, the red light responses 1 to 6 show a tripha-
sic threshold negative response from the long-wavelength cones. The cone responses show prominent a-waves, and those to
more intense flashes peak slightly later than do those evoked by weaker flashes, this being due in part to rod contamination.

system light intensity may be altered by changing
flash duration from 0.01 to 30 ms and intensity from
maximum to 1/1,000 in fixed steps. Additionally, a
ten-turn potentiometer allows continuous variation
of light intensity.

The minimal green stimulus evokes the scotopic
threshold negative response (Fig 28—7,A—response
1). The entire voltage amplitude/light intensity rela-
tionship can be explored and “saturated” scotopic
responses obtained (Fig 28—-7, A—responses 1 to 6).
These have an even more marked a-wave than those
obtained with a Grass P522 (the most commonly em-
ployed stroboscope). With red or red plus green
flashes (Fig 28-7, B—responses 1 to 6), large flicker
and oscillatory potentials are obtained under photo-

pic conditions. Since 50% duty cycle flicker is avail-
able, the temporal frequency of flicker can be
changed without altering the level of light adapta-
tion, and if desired, sinusoidal stimulation can be
used. In addition, flashes may be superimposed on
a separate background so that increment thresholds
can be determined and rod-cone interactions dem-
onstrated. Off-responses are produced to more pro-
longed flashes. The amplitude shows no further in-
crease when the flash duration exceeds 100 ms.
Finally, transitions from red to green can be
achieved to isolate long- and medium-wavelength
color mechanisms. In Figure 28-8, note that there is
little stimulus artifact because the display produces
relatively little radiated interference.
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A, response 1 shows the ERG evoked in the dark-adapted state by intense red flashes (see Fig 28—7, B—response 6). Note
the photopic and scotopic components. Response 2 shows that the addition of a dim green background increases the photopic
and decreases the scotopic components (evidence of release from suppressive rod-cone interaction). In response 3, a more
intense green background decreases all responses. Response 4 shows the filtered oscillatory potentials. Note the high ampli-
tude. Response 5 shows the large responses to a 33-Hz flicker with a 50% duty cycle. Note that both cornea-positive and
-negative components can be seen. B, response 1 shows at about 10 ms that the complex “off"-response from a 100-ms
green flash is repeated every 200 ms. Note the “on"-response in the second part of the trace. Response 2 has conditions as in
response 1, but the flash is red. Response 3 has an intense red plus green flash recorded on a slower time base to show the
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