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PHOTOVOLTAIC EFFECTS AND CHARGE TRANSPORT
STUDIES IN PHYCOBILIPROTEINS

N. N. BELADAKERE, T. RAVINDRAN®, B. BIHARI®, S. SENGUPTA, K. A. MARX, J.
KUMAR® AND S. K, TRIPATHY.

Center for Advanced Materials, Dcpartments of Chemisiry and Physics®,
University of Massachuseits Lowell, Lowell, MA 01854, U.S.A,

B. WILEY AND D. L, KAPLAN

Biotcchnology Branch, 'J.S. Army Natick Rescarch, Development and
Engincering Center, Natick, MA 01760, U.S.A.

ABSTRACT

Phycobiliproteins form highly cfficiecnt light absorbing systems in
certain algae. We have investigated the charge-transport phenomena in these
prolcins by analyzing the dark current-voltage and photocurrent
characieristics obtainecd across Au-phycobiliprotcin-Au  samples. A
photovoltaic effect was observed for Au-phycoerythrin-Au sample. At low
inicrsily levels, 1the photocurrent closely follows Onsager's law of geminaic
rccombination in thres dimensions.

INTRODUCTION

Phycobiliproteins, porphyrins and carotenoids in supramolecular
asscmblies play a central role in energy and electron transfer processes in
natural sysicms.  Stacked porphyrin sysicms have been proposed as potentially
useful materials in 1the fabrication of photovoliaic devices of exceptionally
high performance and cfficiency [1-2}].

Photodynamic proicins containing small pigment chromophores form
the pholosynthetic apparatus in plants and algac. Photosynthetic pigments
comprise a broad catcgory such as chiorophyll, bilins and carotenoids. The
rolc of chlorophyils and bilins have becen well-cstablished in the light-
harvesting process {3].

In algae, phycobiliproteins form large, highly organized
supramolecular antenna complexes called phycobilisomes. These complexes
arc responsible for harvesting visible light (4-5].  Studies on these complexes

have bcen on isolation and scparation of the individual pigment proteins from
their  native cnvironments [6], crystallographic structure dctermination [7},
and the absorption and fluorecscence propertics [8-9] of these molecules and
assemblies. The molecular structures of some of the phycobilins are shown in
Figure I, Phycoerythrin (PE), phycocyanin (PC) and allophycocyanin (APC)
arc the individual biliprotcins that sclf-assemble to form thec phycobilisomes.
The most remarkable feature of this supramolecular complex lics in  the
ordered hicrarchy of the assembly. The absorption and fluorcscence
propertics of cach of these individual biliproteins form the basis for this
hicrarchy.  These assemblics are responsible for maximizing the cfficiency of
light-harvest and encrgy transfer between the individual biliproteins down to
photosystem 11 [3-5].

In an ecariier study, it was dcmonstrated that phycoerythrin can be

incorporaied into conducting polymers crcating ordcred systems possessing
unusua! optical and clecironic propertics [10]. In the present investigation,

Mat. Res, Soc. Symp. Proc. Vol, 292, ©1993 Malerlals Research Sociely
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we have carricd oul cxpcrimenis on pure proteins in order to undcrstand the
charge-gencration and charge-transport  phecnomena, These results  have
been usced in delincating the celectron transport mechanisms in this important
class of proicins,
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Figure 1 Molecular struclure of common phycobilins
(a) phycocyanobilin and (b) phycocrythrobilin.

EXPERIMENTAL

Interdigitatcd gold clecirode gcomctry was used for photoconductivity
measurements.  These clectrodes consisted of digits separaicd by 15 pum, and of
5000 A length and 1000 A thickness. A drop of aqucous prolcin solution was
placcd on the clectrode. Aficr cvaporation of the solvent, thin insulaling
protcin films sandwiched between the Au digits wecre obtaincd. The resistance
of thesc films was of the order of scveral megaohms.

N.D.
Laser F“lD" Chopper v electrodes

Lock-in Amp. gg:;;

Figure 2 Expcrimental setup for stcady state photoconductivity
mcasurements.

The experimental  sctup for steady state photoconductivity
measurements is shown in  Figure 2. Continuous wave (CW) light of
waveicngth 488nm from an Ar* laser was used as the light source. The light
beam was chopped at 15 Hz. The signal across a 1 mcgaObhm resistor, which is in
serics with the sample, was dclected by a lock-in detector.  The sample was
mounied on a cold finger typc cryostal which can be coolcd down to 20 K. All
the measurcmenis were done in a vacuum better than 10°3 torr,  The
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absorption spectra of the proteins in the thin film form were obtained in the
UV-visible range. The dark current-voliage characieristics of ihe resuliing

melal-protcin-metal configurations were mceasured in  air.

RESULTS AND DISCUSSION

The UV-visible absomption spectra of the proteins PC and PE in thin film

form are shown in Figures 3(a) and (b). DBoth the absorbance and fluorescence
spectra of these proteins in their dried thin film form closely resemble their
solution spectra (fluorescence spectra not shown here).
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Figure 3 Absorption spectra of (a) phycocyanin and (b} phycocrythrin,
thin films.

The dark current-voltage (1-V) characteristics of the Au-protcin-Au
samples were dciermined prior 10 optical measurcments.  Figures 4(a) and (b)
show the [-V characteristics of the protcins PE and PC respeclively, as
mcasured in air.  From the gecometry of the sample, the ficld across the protcin
iy cstimatcd 10 be in the range of 105 - 106 v/n.  The non-lincar or non-Ohmic
nature of the [-V characicristics is apparent from the figurc. Such non-linear
characteristics could arise cither from the bulk material or from the
mectal/insulator junctions. In the latter case this would suggest to the
formation of a barrier across the junciion or a possible formation of space-
tharges near the clectrodes. A dcetailed analysis of the work functions of the

proteins and the metal forming the clecirode is essential for (further
clucidation of these characieristics.
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Figure 4 The curreni-voltage characieristics of (a) Au-PE-Au and
(b) Au-PC-Au in air,
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Phycocerythrin  was chosen [for further dctailed investigation in the
present work. The Au-PE-Au samplc was placed in a4 vacuum chamber,  The
pholocurrent across the sample was mcasurcd before and afier cvacuation. It
was obscrved that photocurrent signals were sironger before evacuation.
Sicady-statc photoconductivity across the Au-PE-Au samplc was mcasurcd as a
function of applicd clectric [licld, light intcnsity and 1empcrature  aflier
cvacualion. The variation of sicady-state photocurrent with intensity at room
temperature is shown in Figure 5. The applicd voliage across the sample was
70 Volis. It was found that at very low cxcitation intensitics ( <l mW/cm?2) there
was ncgligible photocurrent across the sample. However, al intensitics above
ImW/cm?2, the photocurrcnt across the sample increases lincarly with
intensity up to 30mW/cm?2,  Sawration of photocurrent is observed at higher

inlensities.
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Figurc 5 Stcady staic photocurrent characteristics as a funclion of
inlensity at 296 K. '

The variation of the photocurrent with the squarc root of the applicd
vollage is shown in figurc 6 on a scmi-log scale. The lower curve corresponds
to an cxcitation intensity of 20 mW/cm2 and the upper curve to 50 mW/em?.
The lincarity of these characteristics al lower inlensily suggests (hat the
photocurrcnt | follows the relationship

Lo exp ((B EVZ/KT)- (Eg/ KT))

where E is the ficld across the sample, k is the Bolizmann's constant and T is
the absoluic temperature, The lincarity also indicales that the photocurrent
generation closcly follows Onsager's law of geminate rccombination in three
dimensions [11]). At higher intensity, a dcviation from this law is obscrved
indicating that other conduction mcchanisms dominale in this regime.
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Figure 6 Variation of sicady state photocurrent wilth squarc root of
applicd voliage for PE a1 296 K (a) 20 mW/em?2 and (b) 50 mW/cmz.




The (cmperature dependence of the photocurrent across the sample was
studied at SO mW/cm?2 light intensity and at an applicd voltage of 50 V. Figure
7 shows the functional form of temperature dependence of photocurrent for
PE.  The photocurrent remains constant at lower temperatures (70 K - 150 K)
and increases cxponcntially at higher temperatures. The activation energy
for the process is estimated to be 300 meV.
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Figure 7 Temperature dependence of photocurrent for PE.

CONCLUSIONS

Au-phycobiliprotein-Au systems were fabricated and their dark [-V
characteristics as well as photocurrent characicristics have been investigaied.
We obscrved for PE a photovoliage of 0.2 microvolts, 1.9 microvolis and 2.6
microvolts for incident light intensitics of 1 mW/cm2, 20 mW/cm2 and 50
mW/ecm2 respectively. Non-lincar dark 1-V characterisiics were obtained for
both PC and PE. The lincar variation of the logarithm of photocurrent with
squarc root of the applied voltage at lower intensities suggests that the
photocurrent closcly follows Onsager’'s law of geminate recombination in

three dimensions [11). It is also observed that the photocurrent decrcascs
cxponentially with dccrease in temperature according (o the predictions of
Onsager’s  law. The activation cncrgy obtained [rom the Arrhenius plot

(Figure 7) is estimated to be 300 meV (114.8 x 1017 K. cal).

It should be noted that PE shows pholoconducting propertics in addition

to being a good luminescent material. PE and other phycobiliprolcins arc
strongly [fluorescent. Fluorescence implics thermal freeing of trapped
carriers which in turn indicates that frce charge carriers arc formed by thc
cxcitation process. The wecak dcpendence of the obscrved photocurrent
magnitude on applicd clectric ficld could be attributcd 1o the luminescent
propertics of PE. Good luminescent matcrials require rapid rccombination
while pood photoconduciors require slow rccombination, Simultancous

mcasurememts of lumincscence and photoconductivity would give us a deeper
knowledge of charge gencration, transport and rccombination processes [12).
Such investigations will lead to a beiter understanding of the potential of 1these
proteins in device applications and may lcad 10 a wmore fundamental
appreciation of the biochemistry and photophysics of how they function in
the phycobilisome in vivo.
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