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A thin oriented bacteriorhodopsin �bR� 	lm is deposited on a stainless steel slide by use of the electrophoretic
sedimentation method
 A junction is made with electrolyte gels having a counterelectrode to construct a bR�
based photoelectric detector
 The photoelectric response signal to a �� ns laser pulse is measured
 A theory
on the photoelectric kinetics of bR is developed based on the concept of the charge displacement current and
the bR photocycle rate equations
 Comparison between the theoretical and experimental results proves that the
bR photoelectric response to a short laser pulse is a multi�exponential process
 The decay time constants and
amplitudes of each exponential component are obtained by data 	tting
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Bacteriorhodopsin �bR� found in the purple mem�
brane of the Halobacterium salinarium �previously
called the Halobacterium halobium� is a retinal pro�
tein and functions as a light�driven proton pump�
Upon absorption of photons� it initiates a photocycle
with the primary photochemistry of �	�trans to �	�
cis isomerization of the all�trans retinal within hun�
dreds of femtosecond� and then followed by a series
of spectroscopically distinct thermal reactions span�
ning the picosecond to millisecond time domain� The
bR is highly durable and stable in ambient condi�
tions as compared to other proteins� For example�
it can retain its native structure even at ����C and
keep active for several years�� So bR has attracted
attention for numerous technical applications� espe�
cially in the 
elds of optical information processing���

and visual simulation���� Many researches have shown
that illumination of an oriented bR sample results in
a photovoltage �or photocurrent�� The characteris�
tic of the photovoltage is the bipolarity� i�e�� the ini�
tial phase of the photovoltage is negative and ultra�
fast �ps�� which re�ects the very early photoinduced
charge separation of the retinyl chromophore� and the
followed components are positive and slower ��s�ms��
which are concerned with the transfer of protons in the
bR molecule and regarded as being closely related to
the photocycle� Although the photoelectric proper�
ties of bR have been studied for years� most studies
are restricted to the experimental aspects� such as the
measurement of the ultrafast response�� the depen�
dence of response signal on the environment� and the
measuring impedance��� the mechanism of di�erential
photocurrent��� the development of some practical op�
toelectronic devices��� and so on� What is missing is a

systematical theory describing the whole photoelectric
kinetics of bR� especially with a quantitative theory�

In this letter� we analyse the photoelectric response
of bR to a short laser pulse based on the concept of the
charge displacement current and the rate equations of
the bR photocycle� The derived kinetic equation indi�
cates it is a multi�exponential process� which is 
nely
proved by our experimental results�

Purple membrane �PM� is isolated from the R�M�

strain according to the conventional method��� A
drop of PM aqueous suspension is placed on a stain�
less steel slide and covered with a second electrode
�mm away� Then a potential ���V� is applied be�
tween the electrodes� Under the electric 
eld� the
PM fragments partly orient� migrate and 
nally de�
posit onto the anode and retain their orientation
when the electrodes are separated� The bR 
lm pho�
todetector is constructed as a sandwich�type electro�
chemical cell comprising junctions of stainless steel
slide
bR 
lm
aqueous electrolyte gel ��mm thick�

counterelectrode �copper�� where the Cu electrode is
ring�shaped so as to direct the incident light onto
the bR 
lm� The viscous gel is composed of ���
carboxymethyl chitin and �M potassium chloride
�pH��� The bR 
lm photodetector is illuminated by
a Q�switched double frequency Nd�YAG laser with a
�	� nm wavelength� �� ns duration and ��Hz repeti�
tion rate� The photoelectric response signal is directly
coupled into a 	��MHz digital oscilloscope� Through
an IEEE��� GP�IB interface card� a PC microcom�
puter running with our specially developed software
controls the oscilloscope to acquire data� store wave�
forms and process the experimental results� The ex�
periment is performed at room temperature�
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A bR molecule� once excited by the visible light�
takes a very rapid charge separation of the protonated
Schi� base from its counter ion� This ultrafast step
converts photoenergy into an electric potential� which
drives protons of the amino acid sequence of the bR
to transport running the proton pump� Because a
large number of bR molecules are orderly arranged�
this rapid charge separation and the protons� move�
ment in the bR molecules can induce a measurable
displacement current in the external circuit� The bR

lm photodetector can be simply equivalent to a light�
driven displacement current source with resistance R
and capacitance C in the circuit� Assuming there is a
charge Q in a bR molecule moving between two elec�
trodes over a distanceD� then the charge induced volt�
age in the measuring circuit is

Vi�t� �
Qdi
DC

e�t�RC � ���

where di is the displacement of the charge transiting
from position i to position i � �� In a laser �ash ex�
periment� many bR molecules are excited� therefore�
many protons move� Suppose the bR photocycle has

ve intermediates and takes 
ve�step thermal relax�
ations� Assign the 
ve intermediates to �� �� 	� �� �
and assign the stimulated bR ground state to � and
the thermal restored bR state to �� The laser pulse
shape is simpli
ed by a rectangular function having
duration time � and intensity I�� Assuming that ni
�i � � � �� is the population of each state and the
excitation rate constant k� � ����h��I�� where h�
is the excitation photon energy� � and � represent the
quantum transition e�ciency and the absorption cross
section of the bR ground state� respectively� We have
the following rate equations of the bR photocycle�

�n� �

�
�k�n�� � � t � ��

�� t � ��
���

�ni	� � kini � ki	�ni	�� �i � �� �� k� � ��� �	�

From Eqs� �����	�� we obtain the transient photovolt�
age waveform in the measuring circuit�

V �t� �

�X
i
�

Vi�t�� �ni	� �
Q

DC
�d�k�e

�t�RC
� n��t�

�

�X
i
�

�di � di���kie
�t�RC

� ni�t��� ���

The 
rst convolution item describes the excitation
process and the remaining items express the thermal
relaxations�

During excitation �� � t � ��� Eq� ��� gives

n��t� � Ne�k�t� ���

where N is the population of the bR ground state�
Considering that the total population of level � isNt �

N���e�k�� � after excitation and letting 	 � ��e�k��

which represents the excitation e�ciency� we get the
fast stage of the photovoltage� i�e�� the 
rst item in
Eq� ����

Vf�t� �
NtQRd�k�

	D��� k�RC�
�e�k�t � e�t�RC�� ���

Fig� �� Photoelectric response signals of the bR 
lm
photodetector �stainless steel slide�bR 
lm�aqueous elec	
trolyte gel�Cu electrode
 measured on three di�erent
timescales� Each curve consists of ��� dots� Excitation
source� ��� nm� �� ns laser pulse� averaging number� ���
The solid lines are 
tting curves�

For the slower stages of the photovoltage� because of
the approximate conditions� ki � ki	� �i � ���� and
��RC � ki �i � �� ��� we have

ni�t� � Nte
�kit �i � �� ��� ���
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and then

Vs�t� �
NtQR

D

�X
i
�

�di � di���kie
�kit� ���

Thus the total bR photoelectric kinetic equation is a
seven�exponential function in the following form�

V �t� � a��e
�k�t � e�t�RC� �

�X
i
�

aie
�kit� ���

The photoelectric response signal of the bR 
lm
photodetector to �� ns laser pulse is shown in Fig� ��
The fast peak is negative and the slow peak is pos�
itive� which reveals the characteristics of the multi�
exponential process� To quantitatively prove the ob�
servation� we use the Marquardt algorithm of non�
linear least squares 
t to 
t the above experimental
curves according to the theoretical Eq� ���� It is im�
possible to try the seven�exponential equation in one
curve 
tting� because there are too many parameters
to be determined� even the 
tting results for di�erent
timebase curves are very di�erent� Here we adopt the
three�step correlated regional 
tting to determine the
parameters of Eq� ���� This is based on the fact that
in certain time ranges some relative faster components
can be ignored and some relative slower components
can be treated as constants� therefore the 
tting equa�
tion can be simpli
ed in this time range� We 
rst pro�
ceed a two�exponential 
tting with the slowest time�
base curve �Fig� ��a�� to determine the rate constants
k�� k� and the amplitudes a�� a�� Then to determine
the parameters of components � and 	 from Fig� ��b��
the above 
tted items of components � and � should be
added into this two�exponential 
tting equation� For
the fast timebase curve �Fig� ��c��� a three�exponential

tting is applied� whose 
tting equation also includes
the already obtained items of the components �� 	�
�� �� but now the items of the components � and �
can be substituted just by their amplitudes a� and
a�� To keep V �t� � � at t � �� the constraint of
a� � a� � a� � a� � a� � � must be satis
ed� In this
way� the decay time constants and amplitudes of the

components are obtained and listed in Table �� The

tting curves are in close agreement with the experi�
mental curves�

Table �� Decay time constants and amplitudes of the exponen	
tial components� 
tted from the photoelectric response signal
of the bR 
lm photodetector ��i � ��ki
�

i � � � � � �

�i ��s
 ���� ���� ����� ���� ���� ���� ��� ����� ���

ai �mV
 �� ����� ������ ����� ����� �����

From the values of time constants� we can assign
the bR photocycle to a model� bR � K � KL � L
� M � O � bR� The primary step bR � K is pho�
toinduced ultrafast process re�ecting the charge sep�
aration of the chromophore� In our experiment this
step is seen as the very fast negatively falling edge of
Fig� ��c�� Because the measuring circuit has a limited
bandwidth� this ultrafast signal is not truly resolved�
Reference � has proved that it occurs within � ps� As
for the intermediate N � it is a dubious component�
from which we could not make a judgment�

In conclusion� we have analysed the photoelectric
response of the bR 
lm photodetector to a short laser
pulse and have proved that it is a multi�exponential
process� The theoretical equation of the bR photoelec�
tric kinetics is con
rmed by the experimental curve

tting with the three�step correlated regional 
tting
method� This theory is also applicable to other pho�
toelectric materials�
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