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Semiconductor/natural-protein photosensitive structures based on CdTe crystals and its ternary
analogs have been created. The photoelectric properties of these structures in natural and
linearly polarized light are examined. The wideband character of the photosensitivity of these
semiconductor/protein structures is established in the range between the width of the
semiconductor band gap and the energ§.5 eV, where the latter is assumed to be the pseudogap
in the band spectrum of the protein. It is shown that the natural photopleochroism of the
semiconductor is reproduced in its contact with the protein. Potential applications of a new class
of photosensors are discussed. 1999 American Institute of Physid§1063-7829)01110-2

1. INTRODUCTION 2. EXPERIMENTAL PART

The properties of various classes of heterocontdt®) CdTe crystals were grown by two methods. One was
are now being studied extensively, opening up entirely newonaj recrystallization of a melt with composition similar in
and, in the initial stages of study, unexpected possibilities otgjchiometry to CdTe in the controlled vapor phase. This
these unique objectsHowever, along with solid-state Struc- method made it possible to obtain electrically uniform crys-
tures of the kind semiconductor/semiconductor —andgjs withn-type conductivity in which the Hall mobility grew
semiconductor/metal, an increasing amount of attention igg the temperature was lowered below 300 K, which is char-
being given to semiconductor contacts with electrolytes and-ieristic of lattice scattering. Wafers were obtained from
substances of biological origf? In this paper we report the slabs of these newly grown crystals by cleavage and there-
results of the creation of a new class of converters consisting, .o hag speculaf00l) planes, which did not require further
of contacts of cadmium telluride and its ternary analogs Wit%rocessing. The second type of sample was grown by the
natural protein.. _ _ gas-phase method, which led to doping of the resulting CdTe

As the semiconductor materials for creation of the het- qtai5 with iodine. The crystals obtained in this way were
erocontacts we used crystals of CdTe and its ternary analoggmi_insylating and also did not require further processing.
from the group I-Ill-V}, which can be formally repre- Crystals of the ternary compounds I-lll-VIwere
sented as the result of substitution of two atoms from thegrown from melt (CulnSg CulnS, and AgInS) or from
sec.om_j group by atoms from the first and third groups of the[he gas phase (CulaSand CuGag). The surfaces of the
periodic table(see Table latter did not require processing and had orientatibh2),

whereas the samples obtained from melt, after being cut,

were mechanically processed and then chemically polished.
TABLE I. Photoelectric properties of the contacts of CdTe and its ternary ~ AS a result of a multipart study, we developed the fol-
analogs I-I1l-V} with protein (T=300 K). lowing technique for creating a new class of photoconvert-
ers. On a glass substrate with a semitransparent metal layer
(Mo, Ni, d=0.5u,) we placed a drop of natural protein. The
semiconductor wafer was placed into contact with the sur-
CdTe n 10° 151 38 16 45 182  face of the protein in such a way that the liquid protein was
Culnse 0 3>}c1)8017 1;32 28 ;760 "1'8 500 “compressed” between the me_tgllized surface of the glass
cuins, D 510 153 60 1x10* 7 202 andthe semmontjuctor wafer, filling the gap between t.hem.
CuGas p 10 248 40 K1 - 1.84 After completing the procedure of putting the semicon-
ductor in contact with the substrate through the layer of pro-

Type of 1R-e, hw,;, S Su, S, Sy
Compound conductivity cm™® ev eVl viw mAW eV
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tein, the position of the wafer was fixed relative to the glass /
with the help of a dielectric lacquer. The system 0.5
semiconductor/protein/metéFig. 1) was oultfitted with elec-
trical contacts making it possible to study photoelectric phe-
nomena in two different geometries of illumination. —

¢
g /
~
3. DISCUSSION OF THE RESULTS
L - X
The steady-state current—voltage characteristic of one of -2 -1 )(/
the structures is shown in Fig. 2. For all of the investigated ' ' L '
9. <. 9 x—X—X10 1 2

heterocontacts in which we used crystalsnefand p-type X" | uv
conductivity for thicknesses of the protein layer10 )(
—50um the current—voltage characteristics manifest a dis- =
tinct rectification effect, which for different semiconductors fiG, 2. steady-state current—voltage characteristic oh&dTe/protein
varied in the limit 1.8—4.5 for voltages up to 5V. The re- heterocontact af = 300 K. (The transmitting direction corresponds to posi-
verse characteristic, as a rule, obeys a power law with expdive polarity of the external bias on the protgin.
nent close to one. The residual resistance of the structures
depends strongly on the properties of the semiconductors and
varies in the limits 18-101°Q at 300 K. In the course of our Value of 7 in the interval between the width of the band gap
studies the characteristics of the structures were essentialff the semiconductoEg (Ref. 8 and the short-wavelength
constant and showed good reproducib”ity_ falloff of the photosenSitiVity near 3.5eV. This is the “win-
When heterocontacts with different Semiconduc(@& dow effect,” typlcal for ideal solid-state heterOjUnCtiOEhS,
Table |) were i”uminated, a photovoltaic effect was repro- which in the giVen case does not I’equil’e a careful choice of
ducibly observed; its sign remained unchanged for both gethe semiconductor with definite lattice parameters, type of
ometries of illumination, for different positions of the light Structure, etc. The appearance in all the heterocontacts of a
probe on the surface of the Structu[(mmeterg 0.2 mn’), ShOI‘t-Wavelength boundary near 3.5eV allows us to take this
and variation of the energy of the incident radiation over theenergy as the pseudogap in the energy spectrum of the pro-
entire range of photosensitivity of each of the investigated€in. The long-wavelength boundary of photosensitivity of
heteropairs. It is important to emphasize that the photosensthe investigated heterocontacts is movable and depends on
tivity always predominates when the heterocontacts are illuthe value ofEg in the semiconductor used in the heterocon-
minated from the protein-layer side. The table shows thdact. The long-wavelength edge gfis exponential and its
maximum values of the voltag®, and currentS; photosen-
sitivity. Comparison of these data with the data known for
other classes of photoconverters on crystals of similar
quality’®>~’ gives reason to believe that the new heterocon-
tacts while still in the first stage of their development are at
least as good as photoconverters presently available.
Typical curves of the spectral dependence of the relative
guantum efficiency of photoconversion for the obtained
heterocontacts are shown in Fig. 3. It can be seen from the
figure that the photosensitivity of the heterocontacts based on
CdTe and its ternary analogs with illumination from the pro-
tein side has a wideband character, revealing a maximum
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FIG. 3. Spectral dependence of the relative quantum efficiency of photocon-
FIG. 1. Design and illumination scheme of a semiconductor/protein heteroversion of semiconductor/protein heterocontacts in natural light at
contact(1 — glass plate2 — semitransparent metal laye3,— layer of T=300K. (1 — CulnSg, 2 — CdTe,3,4— CulnS,, 5 — AgInS,, 6 —
natural protein4 — semiconductor5 — insulating lacquer CuGas. lllumination from the protein side
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FIG. 4. Polarization indicatrix of the short-circuit photocurrapt of a I
CuGa$/protein heterocontact dt=300 K. (lllumination along the normal [
to the (112 plane of CuGag, iw=2.48 eVj. ’ \

logarithmic slopeS= é(Infiw)/S(hw) is high, which corre-

sponds to direct interband transitions in these semiconduc-
tors. The exponential growth ofj comes to an end dtw1, 01 ! i : . ) L 1
which is close to the band gap, of the semiconductdt. heo,ev -

Note that the energ§ w, also depends on the doping of the
semiconductor. In the case of CdTe crystals, where growtlfIG. 5. Spectral dependence of the natural photopleochroism coeffijgnt

from the gas phase is accompanied by the incorporation dff a CuGag/protein heterostructure &t=300 K. The inset shows band
structure and selection rules for interband transitions at the center of the

an iodine impurity, for examplef w4 is shifted to 1.47— Brillouin zone.

1.49 eV due to the participation in the photoconductivity of

shallow-center levels. In the case of heterocontacts based on

CuGa$ with orientation of the contacting plar@12), sev-  characteristic of uniaxial semiconductors, on the azimuthal
eral steps show up in the long-wavelength edgeyaipon  anglee between the electric field vector of the light walie
illumination by natural light, which are due to splitting of the and the tetragonal axisof the crystal

levels in the tetragonal fieflin the case of heterocontacts il co@ o+ it sir?

based on CulnS(Fig. 3), we also see a pronounced short- l,=17Cos g +1msim e, @)
wavelength falloff of (curve 3), which is characteristic of whereil is measured in the polarizatid®|c, andi* is mea-
surface recombination of charge carriers. This falloff showssured in the polarizatiofE L ¢. Since the(112) plane is not

up in heterocontacts which are obtained using mechanicallgoplanar withc, the polarizatiorE||c in these experiments is
processed semiconductor surfaces, whereas when using thealized only nominally. Therefore, the experimentally ob-
post-growth natural plangl12), the short-wavelength falloff tained ratioi l/it~2 is actually even larger.

disappearsFig. 3, curved). This feature was also confirmed The main conclusion that should be drawn from the po-
when using heterocontacts made from CdTe and CylnSe larization indicatrices,, is that as in the case of solid-state

As a result of changes i and the state of the semi- structure$, the maximum photocurrent corresponds to the
conductor surface, the FWHMull-width at half-maximum  polarizationE|c and, consequently, penetration of the lin-
of the » spectra,fy», changes. As follows from the table, early polarized light into the active region of the heterocon-
the largest values ob;, are obtained for heterocontacts tact takes place without distortions of the parameters of the
made from CulnSgeand CulnS. incident light.

If the heterocontact is now illuminated on the semicon-  The spectral contour of the natural photopleochroizm
ductor side, they spectra become narrowly selective with a of the heterocontact CuGRrotein(Fig. 5 is also similar to
maximum nearEg, which is a natural consequence of the that established for In/CuGaSchottky barrier§.According
influence of strong absorption of radiation in direct-bandto the selection rules for interbar&transitions, the natural
crystals forhw=Eg. photopleochroism in CuGafprotein structures exhibits a

For the new class of heterocontacts based on orientegositive sign and reaches a maximum near the energy of the
anisotropic semiconductors, one can also expect the appeak-transition. Transition to the short-wavelength range ini-
ance of natural photopleochroisthwhich was obtained for tiates principally the opticaB and C transitions, allowed in
the CuGag/protein structures. the EL c polarization, from the detached valence subbands of

As can be seen from Fig. 4, when these structures arthe valence band, which governs the decaypgf(Fig. 5).
illuminated with linearly polarized lightLPL) along the nor- It follows from Fig. 5 that the maximum d® is shifted
mal to the (112) plane, the polarization indicatrix of the somewhat toward longer wavelengths relative to the energy
short-circuit photocurrenit, exhibits a periodic dependence, of the A transitions. Taking the results of Ref. 11 into ac-
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count, this fact points to the presence in the investigatedunctional capability, consisting in the appearance of polar-
CuGas$ crystals of shallow centers which give rise to anization photosensitivity.
anisotropy of the photoconductivity comparable with the in-
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