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Dye molecules bonded to a semiconductor surface could inject carriers to a band on photoexcitation.
This process known as dye-sensitization is used for extending the sensitivity of silver halide
emulsions. More recently, dye-sensitization has been adopted to devise solar cells. A near-infrared
(NIR) sensitive heterojunction-TiO,/D/p-CuSCN (where D denotes a NIR absorbing dyés
developed to examine the possibility of using dye-sensitization for IR detection. Although the
responsivity is lower and response slow compared to silicon detectors, dye-sensitized detectors
would be cost effective, especially for large area devices. They are operable at room temperature and
have the advantage of insensitivity to noise induced by band-gap excitgtimviding high specific
detectivity of ~10'). Furthermore, the spectral response can be adjusted by choosing the
appropriate dye. @004 American Institute of PhysidDOI: 10.1063/1.18315G2

The development of devices for sensing IR radiationlaser dyes. This investigation indicates that some of these
continues to be an important area of investigation because afyes sensitize the heterojunctions of the configuration,
the practical utilizations in a diverse variety of n-type semiconductor/dygitype semiconductor. A detector
applicationsl.‘5 Most widely used IR detectors depend onbased on nanocrystalline TjQband gap=3.1 e)/film as
electron—-hole generation in low band-gap semiconductothe dye coatech-type substrate ang-CuSCN (band gap
structures by incident radiation. These detectors exhibit goo8.6 eV) as the hole collector is fabricated and tested. Results
signal-to-noise performance and very fast response. Howindicate that these systems could be used as wavelength tai-
ever, in order to achieve this, the semiconductor componentsrable, room-temperature, low-cost IR detectors.
of the detector need cryogenic or thermoelectric cooling.  Nanocrystalline films ofi-TiO, were coated on fluorine
Thermal generation of carriers in a low band-gap semicondoped conducting tin oxidéCTO) glass plateg1x 2 cn¥,
ductor, impurity and defect mediated recombination, or thersheet resistance=18/sq) by the method reported earlier.
mally activated intersubband transitiofise., in quantum  Briefly, the procedure involves painting of a colloidal solu-
well detectorgare limitations of conventional semiconductor tion of TiO, on to the CTO surface heated 6150 °C fol-
photon detectors. In dye-sensitizatiddSN), dye molecules lowed by sintering at 450 °C for 10 min. After removing the
anchored to a semiconductor surface inject carriers into #ose crust of TiQ on the surface, the process was repeated
band leaving dye ions of opposite charge on the semiconduemtil a film ~10 um is formed. Dyes used in this investiga-
tor surface’. The transfer of the charge on dye ions to ation were anionic dyes IR 783, IR 820 and cationic dyes IR
counterelectrode through a suitable mediufiquid’ or 792, IR 1040 purchased from Aldrigimumbers indicate the
solid®® yields a photocurrent having a spectral respaase  peak absorption wavelength of dye solution in nanomgters
tion spectrumthat commensurate with the optical absorptionThe anionic dyes readily anchor to the Ti€urface and were
of the dye. An energetic requirement for dye-sensitized eleccoated by immersing the Tidilm in a solution of the dye in
tron injection is the location of the excited energy level of 90% ethanol. The cationic dyes not directly anchoring to the
the dye molecule above the semiconductor conduction banglio, surface were deposited by preadsorption of another mo-
edge. Similar to hole injection, the ground level of the dyelecular species, usually an anionic compoth@hereafter,
molecule should be positioned above the valence band edgge film was rinsed with ethanol and immersed in a solution
The possibilities of using high band-gap semiconductors inof the cationic dye. The anionic compounds used for this
sensitive to background thermal noise and the erxibiIity Ofpurpose were bromopyroga||o| re(BR) mercurochrome
spectral response by choice of the dye are advantages @{IC) and IR820.

DSN. Furthermore, DSN produces only one type of carrierin - The heterojunctionn-TiO,/dye/p-CuSCN was fabri-
the semiconductor volume, therefore the dye-sensitized ph@ated by deposition op-CuSCN on dyed surface from a
tocurrent remains insensitive to recombination at the graiolution of CUSCN in propy! sulfid€: The outer CuSCN
boundaries or impurity sit€s These attractive features of surface was coated with graphite and a gold plated CTO
DSN have been exploited to construct solar cells using nangylass plate pressed onto the graphite surface served as the
crystalline films of oxide semiconductots’ Dyes absorbing  backcontact of the detector. A schematic diagram indicating
light in the near-infraredNIR) region of the spectrum are the construction of the device is shown in Fig. 1. Photocur-
commercially available for use as photographic sensitizers afent spectral responses of the cells were recorded using a
monochromatic-light, chopper lock-in amplifier system.

IAls0 at Georgia State University. Light intensities were measured with a calibrated silicon di-
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FIG. 1. Construction of the dye-sensitized NIR detector. FIG. 3. Spectral responsivity of the heterojunctio@ n-TiO,/IR820/

p-CuSCN,(b) n-TiO,/BR-IR820/p-CuSCN,(c) n-TiO,/IR783/p-CuSCN,
_ o (d) n-TiO,/MC-IR792/p/-CuCSCN (€) n-TiO,/IR820-IR1040p-CuSCN,
Nanocrystalline TiQ films prepared by the method de- (f) n-TiO,/BR-IR1040/-CuSCN.
scribed earlier have effective surface areas 200-300 times

the geometrical area of the fiIﬁAIthough the dye covers the lengths summarized in Table I, are nearly two orders of mag-

TiO, surface at the monolayer level, the large roughness faGsjy de smaller than that of silicon detectdfsPoor photon-

tor of thg film increases the light absor'ption cross section. ﬁo-photocurrent conversion efficiency could be a result of
schematic energy level diagram showing the band edge pqay probability of injection of carriers by the excited dye
sitions of Ti0,, CuSCN, and groundS) and excitedS*)  mgjecule. Photophysical properties of the dye, the relative
levels of the dye is presented in Fig. 2. The photovoltaicenergetic positions of ground and excited states with respect
effect of the heterojunction originates via the following {g the pand edges, density of states in the bands elec-
charge transfer scheme. Excited dye molecdl®$) inject  tons in the CB of TiQ and holes in the VB of CuSCiNand
electrons and holes to the conduction and valence b@Bls mode of anchoring of the dye molecule to the Ji€urface

and VB) of p'T|02 and p'CUSCN, I’eSpeCtively, i.e., determine the injection rate.

When photocurrent transients of the detector sensitized
with IR 792 were examined, the rise and fall time constants
turned out to be of the order 5 and 3 ms, respectively.
D* — D+¢e (CB-TiO,) + h"(VB-CuSCN. (1) Clearly, the response is slower than that of conventional
semiconductor detectors. This behavior of the device is a
gconsequence of the slow diffusive transport of electrons in a
ffim consisting of TiQ nanocrystallites interconnected to
each other by sintering. The response timef the detector
can be expressed in the form,

hv+D —-D*,

The relative positioning of the grour(&,) and excited S*)
levels of the dye and band edges of the two semiconducto
(as shown in Fig. penergetically permit the above-presented
charge transfers. The positions of the band edges of &i@d
CUSCN are knowtf and agree with the relative band offsets
as shown in Fig. 2. However, the positions®fand St in 7~ L?D, 2)

the absolute scale was not measured, which normally re- ] ) o o )

quires a cyclic voltammetric determination of the position of WhereL=film thickness D =diffusion coefficientwhich de-

S, with respect to a standard redox coupl@he observation Pends on film morphology and intrinsic material properties
of sensitized photocurrents with IR 783, IR 820, IR 792, andof the two semiconductoysThus, the response time happens
IR 1040 shows that these dyes have ground and excited |evg} be h|gh|y sensitive to the film th|CkneSS, l.e., a reduction in
positions satisfying the above-noted conditions. Figure Jilm thickness leads to faster response. However, the respon-
gives the spectral responsivities of the detectors sensitize¥iVity of the detector determined by the light absorption cross
with IR dyes. The redshifts of the peak positions in actionSection of_ the dye coated ne_m(_)crystalllne film varies !lnearly
Spectra are caused by bonding of dyes to the semiconductwth the film thickness. Opt|m|zat|0n would be pOSSIble to

surface. The responsivities at the peak absorption waveneet the requirements of specific practical applications.
This investigation demonstrates that dye-sensitization of

high band-gap semiconductors can be utilized to devise NIR

} Vacuum d : .
b etectors. They have the advantage of not being sensitive to
! Energy (eV) B y 9 9
2F
3k g TABLE |. Responsivities(R) of the detectors at peak absorption wave-
4 cp lengths(\ a0 Of different sensitizers.
i S VB Dye Nmax (NM) R (mA/W)
6F 0
g+ IR820 866 0.3
s VB BR-IR820 876 1.1
TiO, | Dye | CuSCN IR783 808 0.4
MC-IR792 812 2.7
FIG. 2. An energy level diagram showing the band edge positions of IR820-IR1040 858 1.0
n-TiO,, p-CuSCN and groun@S,—positioned arbitrarily and excited S* ) BR-IR1040 1056 0.3

states of the dye.
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10% ciencies of dye-sensitized solar cells. The outcome of these
investigations could pave the way for the development of
more effective dye-sensitized IR photon detectors. Combina-
tion of IR dyes with visible sensitizers may also enhance the
efficiencies of dye-sensitized solar cells. In fact, the hetero-
junctions that incorporate BR or MC in addition to the IR
dye are also sensitive to the visible spectrum.
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