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Bacteriorhodopsin optoelectronic synapses
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Synapses are critical components of an artificial neural network. Bacteriorhodopsin thin film can be used
to construct compact, finely graded synapses for an optoelectronic neural network, based on its photochromic
properties. Measurements show that these photochromic changes are blocked at low temperature. Thermal
gating will allow synapses to be written on the film optically and then read without erasure by the same
light and also will permit local implementation of an associative learning rule for updating synaptic weights.
 1997 Optical Society of America
In recent years there has been a resurgence of
interest in artificial neural networks, and several
optical implementations have been investigated,1 – 3

including optoelectronic implementations that use
bacteriorhodopsin (BR).4 – 6 Neural networks are
intrinsically parallel computers, and optics can provide
the massive parallelism and interconnectivity that
they require. The key components of neural networks
are the synapses between the neurons. The synapses
are the loci of signal processing, learning, and memory.
BR has photochromic properties that enable one to
construct functionally complete synapses in the form
of a thin-film optically addressed spatial light modu-
lator7,8 as part of an optoelectronic neural network.
Here I present measurements of some properties of
BR relevant to synaptic functions and describe the BR
artificial synapses that can be constructed.

The BR photocycle is shown in Fig. 1.9 – 11

Absorption of a photon at l ­ 570 nm converts a
BR molecule from the yellow-absorbing ground state
(B) to the relatively long-lived blue-absorbing state
(M). The absorption spectra of the B and M states
are shown in Fig. 2. Either thermally activated
relaxation processes or the absorption of a blue photon
will return the molecule from the M state to the B
state, completing the photocycle. The protein part of
BR ensures stereoselective and reversible photoisomer-
ization of the retinal chromophore with high quantum
yield and without side reactions. A key feature, in the
present context, is that one can switch off the forward
sB ! Md and the reverse sM ! Bd photoreactions by
lowering the temperature of the BR film.9,10,12 This
allows one to write a pattern on the f ilm with a light
beam and then read out the pattern without erasure,
by using the same light beam.

The temperature dependence of the forward and re-
verse photoreactions was studied by measurement of
the changes in the B-state optical absorbance of BR
film illuminated by yellow or blue light. The tech-
niques are similar to those previously described13 but
with measurements made over a wider temperature
range. The sample film was mounted in a variable-
temperature optical cryostat and could be illuminated
with several overlapping light beams, as shown in
Fig. 3. The sample absorbance was measured in situ
with a fiber-coupled CCD spectrometer to monitor the
spectral transmission of a 5-mWycm2 white-light probe
0146-9592/97/221728-03$10.00/0
beam. In the f irst experiment the sample was pre-
pared in the B state and cooled to the desired tempera-
ture. Then the sample was illuminated for as long
as 10 min with a cw dye laser beam at l ­ 590 nm
with an intensity of ,100 mWycm2, and the absorbance
change at 560 nm was measured. At temperatures be-
low 150 K a short exposure to an additional 686-nm
100-mWycm2 laser beam was used to drive molecules
trapped in the first long-lived intermediate state (K
in Fig. 1) back into the B state before the absorbance
change was measured. In the second experiment the
sample was prepared in the M state by use of the
590-nm pump beam and cooled to the desired tempera-
ture. Then the sample was illuminated with a 3-ns
1-mJycm2 f lash of blue light at 410 nm from a pulsed
dye laser, and the time course and the amplitude of
the absorbance change seen by a 543.5-nm 1-mWycm2

probe laser beam were measured with 50-ns time reso-
lution with a photomultiplier tube and a digital sam-
pling oscilloscope.

The results of these measurements for a wild-type
BR–polymer f ilm 0.4 mm thick are shown in Fig. 4.
The film was produced by Bend Research and has peak
optical density 2.0 at 570 nm. The film was prepared
with high pH to increase the M-state lifetime to 4 s.
At temperatures above 200 K both the forward and
the reverse photoreactions are fully enabled. The ob-
served absorbance change that was due to the M ! B
reverse photoreaction following a light f lash at 290 K
is a simple exponential relaxation with t1/2 ­ 150 ns.
As the temperature is lowered, the reverse photoreac-
tion becomes slower and the observed transient shows

Fig. 1. Photocycle of light-adapted BR with photoreactions
shown as solid lines and thermally activated reactions
shown as dashed lines. The spectroscopically distinguish-
able intermediate states K, L, N, and O are short-lived
compared with M. The key states in the BR photocycle for
this application are B, K, and M.
 1997 Optical Society of America
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Fig. 2. Absorption spectra of BR f ilm at 77 K in the B and
M states.

Fig. 3. Schematic of the experimental apparatus. Pump
(solid lines) and probe (dashed lines) light beams intersect
in the BR sample.

multiexponential relaxation with a wide range of time
scales (the relaxation at 170 K is composed of 700-ns
and 70-ms components of approximately equal ampli-
tude). Below 100 K the photoreactions are disabled.
The forward and the reverse reactions show approxi-
mately the same temperature dependence. The first
step of the forward photoreaction, the transition be-
tween B and K, is not blocked, even at 77 K.

Previous research showed that the quantum eff icien-
cies for the forward and the reverse photoreactions at
room temperature are near unity.9,10 Therefore, the
f luence needed to completely write or erase a BR film
with peak absorbance A ­ 2.0 is ,10 mJycm2 at room
temperature. The stoichiometry of approximately one
photon per molecule per photochromic reaction lim-
its the writing speed of a simple BR memory unless
high intensities are used. For neural network appli-
cations, in which a succession of small incremental
changes in the synaptic weights occurs during train-
ing, there is a good match to the slow but f inely graded
writing at low intensity by photobleaching that BR of-
fers. Once they are written, it is also important that
the synaptic weights be stabilized against erasure by
light during operation of the neural network. The de-
gree to which the forward and the reverse photoreac-
tions are disabled at 77 K was determined from the
absorbance changes measured following extended peri-
ods of illumination with yellow or blue light (2-kJycm2

or 20-Jycm2 f luence, respectively). The total observed
absorbance changes at 570 nm were 20.1 or 10.5, re-
spectively, with the absorbance change per unit f lu-
ence decreasing steeply as photobleaching proceeded.
Extrapolating the observations, the f luence to produce
an absorbance change DA570 ­ 2.0 is estimated to be
.100 kJycm2 for the forward reaction, B ! M, and
,200 Jycm2 for the reverse reaction, M ! B. The cor-
responding quantum eff iciencies are ,1027 and ø1024,
respectively. The B ! M photoreaction is effectively
disabled at 77 K.

BR can be used in construction of the synapses for
neurons in an optoelectronic neural network, as shown
in Fig. 5. The input light beams pass through the
BR film, where the synaptic weights are written as a
pattern of optical transmittance, and the transmitted
light beams are summed by a photodetector. An elec-
tronic circuit processes the detector output and drives
a laser output device. The synaptic weights remain
fixed while the BR film is maintained at low tempera-
ture. Learning in the neural network is enabled when
the temperature of the BR film is raised, so the input
light beams can change the transmittance of the BR
film. The learning-enabling response time is limited
by thermal inertia and can be reduced by use of a pure
BR film to minimize the thickness of the synaptic layer.
The thermal switching time for a 5-mm-thick BR film
with a 3-Wycm2 heater is ,20 ms.

Effective learning rules for modifying the synaptic
weights of the network to achieve a desired function are
critical to most neural network applications.14 Signal-
processing functions approaching the sophistication of
biological synapses15 can be achieved if the neuron

Fig. 4. Normalized B-state absorbance change versus
temperature measured for wild-type BRypolymer f ilm.
Filled and open circles show measurements of the change
in the absorbance peak for the B state owing to for-
ward sB ! Md and reverse sM ! Bd photoreactions,
respectively. The fitted curve is the function F sTd ­
h1 1 expfsT 2 170dy15gj21.

Fig. 5. Schematics of (a) a generic neuron and (b) an opto-
electronic neuron, with optical inputs xi, synaptic weights
wi, neuron electrical activation U ~

P
i wixi, and neuron

optical output f sU d. The synapses are implemented with
a BR film (BR) and a photodiode (PIN), whose output goes
to an integrated circuit (VLSI), which drives a laser (VC-
SEL). The dashed line indicates a path for control signals
from the neuron back to the overlying synaptic layer.
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Fig. 6. Synaptic weight evolution calculated for a model
neuron when the activation of a subset of the synapses,
Ncorr in number, is correlated. The synaptic input inten-
sity is random and binary, xi ­ 0 or xi ­ 1, with aver-
age ON time of 10% for all synapses. The synapses in
the correlated subset are activated only simultaneously.
The time evolution of the weights for synapses with cor-
related and uncorrelated inputs (solid and dashed curves,
respectively), calculated with the mean-field approxima-
tion for cases with 0, 10, and 20 synchronously activated
synapses, is shown. Only the synapses with correlated
activity are reinforced. The model for the ith synapse is
wi ­ expfs fi 2 1dA0 ln 10g, dfiydt ­ f xis1 2 fid 2 bfigF sT d,
and F sT d ­ h1 1 expf2sT 2 170dy15gj21, where A0 ­ 2.0,
xi and b are the yellow- and blue-light intensities, respec-
tively, at the synapse, and fi ­ fMgiysfBgi 1 fMgi) is the
fraction of photobleached BR molecules. The model for the
neuron is U ­ g

P
i wixi, T ­ s200U 1 77d, and b ­ U ,

where the neuron gain is g ­ 0.10 and there are 100
synapses.

shown in Fig. 5 is modif ied to send control signals back
to the overlying BR synaptic layer. In this example
the neuron drives a yellow laser to send information
to other neurons and also a blue laser and a heater to
control the overlying BR synaptic layer. (Only yellow
light is allowed to reach the photodetector, and a red
f loodlight for the entire BR film may also be needed
to prevent the buildup of a population trapped in
the K state.) In this model the temperature and the
intensity of the blue light falling upon the BR film
increase linearly with the neuron activation. As a
result, the effect of a yellow input light beam depends
on the degree of neuron activation.

Figure 6 shows an example of unsupervised asso-
ciative learning by this model neuron. With uniform
random inputs the synaptic weights remain constant
because there is a balance between writing by the
yellow input light and erasure by the blue control
light at the operating point. This balance is disturbed
when some of the synapses have correlated inputs,
so synapses with correlated activity are reinforced
whereas synapses with uncorrelated activity are weak-
ened. The neuron learns to respond preferentially to
inputs with a mutual association. One can freeze the
updated pattern of weights at any time by disabling
the BR heater. Note that activity-dependent thermal
modulation of the BR photoreactions is essential for
associative learning. The synapses are independently
updated in parallel, saturation of the synaptic weights
is avoided because synaptic weights can decrease as
well as increase, and the synapses can be as small as
the diffraction limit allows.

The BR synapses described here can form a two-
dimensional array with a density up to 108ycm2. An
advantage of these two-dimensional synapses is that
each is distinct and proximate to the neuron that it
derives, which permits versatile local control of synap-
tic modif ication, in contrast to neural networks in
which the synaptic weights are stored in distributed
form in three dimensions in photorefractive crystals.
Simple, compact BR synapses that use thermally gated
photochromism are able to store f inely graded analog
weights and perform complex signal-processing func-
tions. Synapses with these properties will be key com-
ponents in large-scale artif icial neural networks.
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