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ABSTRACT: Theconcept of utilizing photoluminescent semicon-
ductor nanocrystals for latent fingerprint detection, especialy in
concert with phase-resolved imaging for background fluorescence
suppression, is reduced to practice with CdS nanocrystals that are
capped with dioctyl sulfosuccinate. The nanocrystals are dissolved
in heptane or hexane and are applied in much the same way as stain-
ing with fluorescent dye, on articles that have been pre-fumed with
cyanoacrylate ester and aso on the sticky side of electrical tape
without pre-fuming. Since CdS can form a photoluminescent
nanocomposite with dendrimers, a feasibility examination of den-
drimer tagging of fingerprints has also been conducted.
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Because of itsexceptional sensitivity and universality, i.e., appli-
cability to avery wide range of articlesof evidence, the detection of
latent fingerprints via photoluminescence represents a new
paradigm in criminalistics that has its beginning in 1976 (1). The
essence of the approach, applicableto other evidence analysesalso,
has since seen much evolution (2). As with photoluminescence
techniques quite generally, background fluorescence presents a
problem that makes many articles of evidence intractableto finger-
print detection by the current routine photoluminescence proce-
dures. Time-resolved imaging, which mitigatesthisproblem, comes
intwo general categories. In time-domain techniques, also referred
to as time-gated techniques, the excitation source is periodically
turned on and off. The imaging device is synchronized with this
light chopping such that it turnson during the chopping dark period,
with adelay past the light cut-off such that the background fluores-
cence has aready decayed by the time the imaging device turnson.
Thedeviceturnsoff beforethe onset of thenext light on period. One
of the earliest implementations of thisconcept inluminescencelife-
time measurement was by E. Bacquerel in 1871 (Ann Chim Phys
27:539). Thebasic apparatusisreferred to asaphosphoroscope. For
fingerprint imaging, the underlying principle was first utilized in
1979 (3) but becamefeasiblein apractical senseonly inthelate‘80s
(4) withthe advent of microchannel plateimageintensifiersand lan-
thanide-based fingerprint treatments. These treatments have since
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undergone considerable development (2). However, many prob-
lems remain to be solved in connection with fingerprint treatments
that yield the required long luminescence lifetimes, with older fin-
gerprints on porous surfacesin particular. Thus, more recent atten-
tion has begun to target frequency-domain time-resolved imaging,
also referred to as phase-resolved imaging, as described for finger-
print detection already in 1995 (5). The exploitation of the underly-
ing concept in photoluminescencelifetime measuring systems dates
back to 1926 (6). One of us (ERM) developed in 1976 a phase-re-
solved fluorescence lifetime measuring system with lifetime reso-
Iution of better than 5 picoseconds (7), probably still a benchmark
today. The basic concept has, regarding lifetimes, long been text-
book material (8), and hasinimaging systems beenimplemented in
cell microscopy, for instance, sincethe early ‘90s (9). It callsfor si-
nusoidal intensity modulation of the luminescence excitation
source. The produced luminescence is then sinusoidal in intensity
aswell, but phase-del ayed by an amount rel ated to the luminescence
lifetime through the equality of the tangent of the phase shift to the
product of the photoluminescence lifetime and the modulation an-
gular frequency. There is a concomitant well-defined decrease in
modul ation depth of the luminescencerelativeto the excitation with
increasing luminescence lifetime. Thus, if the imaging device has
its gain modulated with suitably adjusted phase with respect to the
excitation, then fingerprint luminescence and background lumines-
cence can be distinguished if their lifetimes differ sufficiently to be
resolved. Thefingerprint lifetime could in principle be shorter than
that of the background for phase-resolved imaging, but short life-
timesusually areattended by low intensities. Whereasonison prac-
ticality grounds limited in time-gated imaging to very long finger-
print luminescence lifetimes, typically milliseconds to
microseconds, one can work in the nanosecond domain of molecu-
lar fluorescences with phase-resolved imaging (2). This broadens
the range of potentialy useful fingerprint treatments. Unfortu-
nately, however, the obnoxious background fluorescences to be
suppressed al too often havelifetimes (roughly in the 1-3 nsrange)
comparable to those of the photoluminescence fingerprint treat-
ments currently in use, such as ninhydrin/zinc chloride and similar
chemical treatments, and staining after cyanoacrylate ester fuming
with rhodamine 6G and similar dyes (10). Thus, there is aneed for
anew fingerprint processing strategy that lendsitself to the domain
of phase-resolved imaging, if onewantsto fully exploit background
suppression, to tackle heretofore intractable evidence.

Currently, a frequency-domain lifetime imaging system for fin-
gerprint detection is under development at Systems & Processes
Engineering Corporation (SPEC, http://www.spec.com), 101 Sixth
Street, Suite 200, Austin, TX 78701-2932. Thisis the first phase-
resolved system to explicitly target the fingerprint field.
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Finger print Detection with Photoluminescent Semiconductor
Nanocrystals

Phase-resolved detection tends to be most applicable when the lu-
minescence lifetime of the latent fingerprint falls roughly in the
10-1000 nanosecond range. Lifetimes shorter than about 10 ns are
too close to those of background fluorescences to be readily re-
solved. For lifetimes longer than microseconds, nothing is gained
over time-gated fingerprint detection, which reached the maturity for
practical implementation some time ago (11). Photoluminescent
semiconductor nanocrystals, also referred to as nanocrystallites,
guantum dots, nanoparticles, nanoclusters or nanocomposites,
formed from compounds such as ZnS, CdS, CdSe, CdTe, InP, InAs,
yield intense luminescences with lifetimes in the desired range.
Moreover, the absorption and emission can betailored by adjustment
of the nanocrystal size. Nanocrystal capping, sometimes referred to
also as derivatization or as functionalization, especially when the
capping iswith an organic compound (sometimes referred to as sur-
factant), involves covering the nanocrystal surface with a layer of
material that can serve a number of purposes, namely passivation to
optimize the luminescence efficiency and band width, serving assite
for chemical attachment of conjugating ligands that also bind to tar-
get molecules to thereby fluorescently label them with the quantum
dots, serving the labeling function themselves, serving to solubilize
the nanocrystal's, and preventing aggregation of the nanocrystals. As
aresult of these spectroscopic and capping virtues, nanocrystals are
today receiving much attention in biochemistry (12,13). Application
in auniversa way has also been proposed (2,14) for fingerprint de-
tection, with chemical and physical treatments envisioned, including
labeling via conjugating ligands, anal ogous to approaches employed
in somelanthanide-based fingerprint treatments (15), preferential ad-
herence to or trapping in polymer voids (the cyanoacrylate polymer)
or preferential adherence to the fingerprint residueitself, namely the
approaches this article focuses on. In a perhaps more speculative
vein, we envision incorporation into dendrimers, such as poly(ami-
doamine) dendrimers, which may preferentialy attach to finger-
prints via amine or carboxylate functional groups. This prospect is
suggested by demonstration of the synthesisitself of variouskinds of
nanoparticles within dendrimer voids (16,17), which has brought
nanoparticle-carrying dendrimers into recent limelight because of
potential applicationsin catalysis, nanodevices, medicine, etc. Insitu
nanoparticle synthesis in voids of polymer aggregates and films has
been reported as well (18,19), and may be applicable to the finger-
print context, perhaps with cyanoacrylate fuming. Dendrimers are
polymeric macromolecules with repeat-units that branch out from a
core, much like the branches of atree. The dendrimers of interest in
this article have a roughly spherical configuration of branches, re-
ferred to as a starburst topology (20).

In this communication, the reduction to practice of the genera
concept of luminescent semiconductor nanocrystal utilization for
fingerprint detection is presented. As a preface to the fingerprint
detection itself with the employed CdS nanocrystals, their pertinent
photophysical properties are taken up to assess suitability for fin-
gerprint work in concert with phase-resolved imaging techniques.

Spectroscopy of CdS Nanocrystals

We were fortunate to obtain from Professor John T. McDevitt
(Department of Chemistry, University of Texas at Austin) a small
sample of CdS nanocrystals, prepared in inverse micelles (21,22),
and capped with dioctyl sulfosuccinate (sodium salt). Heptane is a
preferred solvent to solubilize this kind of nanocrystal and we em-
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FIG. 1—Absorption spectra of CdS nanocrystals in hexane (solid line,
cds_qgd) and heptane (dashed line, cds_qd_h). See text.
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ployed it, as well as hexane (actually a mixture of hexanes,
CH3C4HgCHs3). Solutions were prepared with quantum dot con-
centrations of milligrams/milliliter order. Figure 1 shows the ab-
sorption spectra of heptane and hexane solutions, the latter at
lower concentration than the former. These spectra serve to deter-
mine the sizes of the nanocrystals (21), which we deduce to be of
radii between 3 and 4 nm in heptane. Sizes between 5 and 10 nm
in hexane are suggested by the red-shifted respective absorption
spectrum of Fig. 1, but such a size change is difficult to under-
stand, given that both heptane and hexane solutions were prepared
from the same capped nanocrystal batch. Hexane solutions of the
nanocrystals also show on near-ultraviolet excitation and visua in-
spection without any filter an easily noticeable luminescence blue-
shift to orangish yellow from the reddish orange of heptane solu-
tions. We do not as yet understand the cause of these effects
(change in passivation?), but note the rather lower viscosity of
hexane than of heptane, which might alow the former to better
dip between the strands of the dioctyl succinate surfactant to ac-
cess the nanocrystal surface. The luminescence spectral features of
CdS (and other) nanocrystals are complex otherwise as well and
depend on a number of factors. For instance, spectral shapes and
intensities are excitation power dependent beyond the usua pro-
portionality between excitation and emission intensity. Lumines-
cence lifetimes are peculiarly excitation intensity dependent as
well (at a given excitation wavelength), quite apart from variations
with excitation color. These features (23,24) are quite different
from what one is accustomed to in typical atomic or molecular |u-



minescence. They arise because the luminescence from the
nanocrystal has severa origins. An emission with short lifetime
that is more pronounced toward the short-wavelength end of the
emission spectrum in CdS is attributable to excitonic emission, re-
ferred to also as band-edge emission. This corresponds to the in-
trinsic semiconductor recombination process, and as such is life-
time-wise largely independent of wavelength, nanoparticle size
and even temperature. A broad emission between roughly 350 and
800 nm, dominated by long-lifetime luminescence is due to traps
at and near the nanocrystal surface. Since there are a number of
trap states, luminescence lifetimes are very much afunction of lu-
minescence wavelength, temperature, and particle size, and they
also are very susceptible to changes in the capping of the
nanocrystal. Thus, in addition to the aready cited solvent effect,
one sees peculiar luminescence spectral changes with excitation
power, as seen, for example, in Figs. 2A and B for heptane solu-
tion at room temperature. The shown spectra are technical spectra
obtained with a photomultiplier tube of extended S 20 response
and a monochromator equipped with a grating blazed at 500 nm.
The sharp line features in the spectra are uninteresting plasma dis-
charge lines from the Ar-laser (operating in the near-UV) that was
used for sample excitation, excepting the strong line in Fig. 2 at
725 nm, which is a laser line reflected from the monochromator
grating in second order. The excitation corresponding to the spec-
trum of Fig. 2A was well over an order of magnitude more intense
than that corresponding to Fig. 2B. To obtain a reasonably large
photon count, the monochromator dlit widths were increased in the
spectrum of Fig. 2B, as compared to Fig. 2A. The noteworthy fea-
ture in comparing the two spectra is the change in the relative in-

MENZEL ET AL. « PHOTOLUMINESCENT SEMICONDUCTOR 547

tensities of the spectral feature in the 400-500 nm region (not
counting the discharge lines) compared to the 500-700 nm feature.
This is reminiscent of observed luminescence lifetime dependence
on excitation power (23). At the laser power employed for finger-
print detection, corresponding to Fig. 2A, the broad band between
500 and 700 nm is more intense relative to the shorter wavelength
shoulder than what is reported in Ref 23, not really surprisingly,
given the capping difference. Since reductions in luminescence ef-
ficiencies are usualy attended by shortening of luminescence life-
times (increases in radiationless decay rates), we can anticipate
from the spectrum of Fig. 2A that the long-lived luminescences in
our case might, al else being equal, have longer lifetimes than
those of Ref. 23, which they do, as we shall see shortly.

Because trap luminescences are strongly affected by excitation
wavelength, intensity, capping, etc., one can use the literature only
as a genera guide as to what to expect. One needs to specifically
determine the spectral features of the sample at hand, for the exci-
tation condition employed, to optimize phase-resolved imaging.
Accordingly, we measured luminescence lifetimes for our
nanocrystal sample in heptane solution at room temperature (with
aphase-resolved system that usesaHeCd laser operating at 325 nm
with 15 mW of power). Thelifetime corresponding to the total flu-
orescence was measured, rather than that corresponding to the lu-
minescence at a particular wavelength. This was done by using a
long-wavelength-pass filter that blocks the laser wavelength but
transmits al longer ones. The rationale for this, rather than mea-
suring lifetimes at a collection of specific wavelengths, is that the
detection of afingerprint usually involves the detection of the total
fluorescence. Laser modulation frequenciesranged from 0.1 to 100
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FIG. 2—Room temperature fluorescence spectrum of heptane solution of CdS quantum dots capped with dioctyl sulfosuccinate under near-UV high

power excitation (A) and low power excitation (B). See text.
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FIG. 3—Phase-resolved spectroscopic data for CdS quantum dot lumi-
nescence lifetime determination. See text. ph = phase, md = modulation,
(3) = fit with 3 discrete lifetimes, (3g) = fit with three Gaussian distribu-
tions.

MHz. The corresponding phase delays and demodulation factors
are shown in Fig. 3. Two analyses were performed, one assuming
a superposition of discrete lifetime components and the other as-
suming a superposition of components made up each of Gaussian
lifetime distributions. Results were similar. Three lifetime compo-
nentswere obtained. About 70% of the luminescence intensity cor-
responded to emission with lifetime of about 1000 ns, about 25%
to emission with lifetime of about 70 ns, and about 5% to emission
withlifetimeof 0.54 ns. Thislatter isthe excitonic emission and the
obtained lifetimeisin good agreement with the literature (23), asit
should be. That the longest-lived emission lifetime reported by
O'Neil, Mahron, and McLendon (23) is very roughly 200-300 ns,
shorter than what we measure, is consistent with capping differ-
ence and the findings corresponding to Fig. 2A.

Our finding of long-lived luminescence that is intense enough to
easily be visible to the naked eye indicates that the sample should
be quite suitable for fingerprint processing and phase-resolved
imaging over a wide range of modulation frequencies. We do not
expect the solution lifetimes to change much on nanocrystal depo-
sition on fingerprints, given the nanocrystal encapsulation.

Fingerprint Detection with CdS Nanocrystals

One of the most successful photoluminescence procedures for
fingerprint detection consists of staining with fluorescent dye, typ-
ically after cyanoacrylate ester fuming (2). In our exploration of the
feasibility of utilizing nanocrystals for fingerprint work, we used

the above dioctyl sulfosuccinate capped CdS nanocrystals, dis-
solved in heptane or hexane. Sample fingerprints placed on alu-
minum foil and a soft drink can were fumed with cyanoacrylate es-
ter and then immersed for times ranging from a few seconds to a
few minutes in the nanocrystal solutions. The immersion times
were not critical. The samples were then left to dry. Examination
under an Ar-laser operating in the near-UV, which is a quite suit-
able excitation region, as seen from Fig. 1, revealed amply intense
luminescence, easily visible. However, therewas agenerally heavy
coverage of the immersed region, with no fingerprint ridge detail
discernible. The samples were thus subjected to a gentle rinsing
with hexane, to remove excess nanocrystal deposition, leaving be-
hind fingerprint detail. Examples are shown in Fig. 4 for bare alu-
minum foil and the paint-covered metal of a soft drink can.

Unfumed fingerprints on metal, glass, and plastics, which nor-
mally are fumed, could not be developed. Thereason isthat hexane
and heptane are rather good solvents for non-polar substances gen-
eraly, and fingerprint lipids in particular. Thus, the very immer-
sion of the article in the nanocrystal solution tends to obliterate
ridge detail. In this respect, hexaneisamore agressive solvent than
heptane because of its substantially lower viscosity.

There are instances in which articles are customarily stained
without prior fuming with cyanoacrylate ester. An example is that
of fingerprints on the sticky side of adhesive tapes. Thus, we de-
posited prints on ordinary translucent Scotch™ tape and on black
plastic electrical tape. There was strong adherence everywhere on
the translucent tape, such that the heptane post-staining rinse (less
agressive than the hexanerinse) did not do well in removing excess
nanocrystals deposited everywhere on the tape, whereas hexane
rinsing removed too much of the nanocrystal deposition. However,
on the black electrical tape, fingerprints developed fairly readily
with heptane solution staining and heptane rinsing. An exampleis
shown in Fig. 5. The message to be gleaned is that there is a gen-
eral need to optimize the solvent delivery system. If thisis done,
then the staining approach to nanocrystal utilization without the
cyanoacrylate pretreatment should become more widely success-
ful. The fingerprints of Figs. 4 and 5 were obtained with ordinary
photography, rather than time-gated or phase-resolved imaging.

Further studies are underway, in terms of solvent optimization,
including solubilization in polar solvents, in terms of the semicon-
ductor material, where CdSe is of particular interest because it is
nicely compatible with excitation in the blue-green, in terms of
capping, whether with organic functionalization or inorganic en-
capsulation (e.g., ZnS or silica), in terms of choice of conjugating
ligands for selective chemical labeling, as suggested by the exam-
ple of mercaptoacetic acid in concert with ZnS capping (13), and in
terms of the earlier-discussed dendrimer application. The success
we have aready obtained, even if only with a sparse portfolio of
procedures, as dictated by sparse nanocrystal accessibility to usin
quantity and kind, is encouraging, particularly regarding the
cyanoacrylate/nanocrystal fingerprint treatment. It leads us to be-
lieve, on the basis of flexibility in size and semiconductor compo-
sition, capping, ligand attachment, and, finally, exceptional suit-
ability for background suppression due to long-lived luminescence
of high intensity, that nanocrystals are destined to yield major ad-
vances in fingerprint detection. It is our understanding that com-
mercialization of arange of nanocrystal kindsisin the offing.

Fingerprint Tagging with Dendrimers

In situ assembly of nanoparticlesin voids within dendrimers has
been demonstrated, and shows much promisein variousfields. The
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FIG. 4—Photograph of fingerprints devel oped by cyanoacrylate/CdS nanocrystal staining on aluminum foil (a) and soft drink can (b).



550 JOURNAL OF FORENSIC SCIENCES

FIG. 5—Photograph of fingerprint on sticky side of black plastic electrical tape directly developed by staining with CdS nanocrystals.

preparation of a CdS/dendrimer nanocomposite that displays in-
tense photoluminescence has recently been reported as well (25).
Dendrimers utilized in these investigations are Starburst® (PA-
MAM) dendrimers, commercially available from Aldrich, that are
functionalized with amino, hydroxy or carboxylate groups, thus of -
fering the prospect of serving as taggants in addition to being
nanocomposites. Accordingly, we have carried out a preliminary
investigation aimed at determining whether it is at al worthwhile
to contemplate fingerprint tagging with dendrimers. In our feasi-
bility examination, we chose Starburst® Generation 4 dendrimer,
which contains surface amine groups. The choice was made with
potential reaction with carboxylic acids, esters, perhaps glycerides
in mind, to form amide linkages. Since OH isapoor leaving group,
the reaction with carboxylic acid usually involves first conversion
to an ester via carbodiimide. In our preliminary work, we kept in
mind the delicacy of fingerprints, i.e., their potential obliteration by
solvents. We thus confined ourselves to simply applying the den-
drimers, which comein methanol solution, by spotting onto finger-
prints and letting dry, with and without heating. Whether in solu-
tion or dried spots, the dendrimers are colorless and
non-luminescent. Thus, it was necessary to find away to visualize
them. We chose staining with rhodamine 6G or resorufin because
these molecules readily penetrate polymers to deposit in voids.
Both are luminescent under blue-green excitation. The rhodamine
6G fluorescenceis typically greenish yellow, which is not optimal
because the color is rather similar to inherent fingerprint fluores-
cence, whereas the resorufin fluorescence is orange, very distinct
from inherent fingerprint fluorescence.

The dendrimer methanol solution is rather viscous and forms a
thick, tacky coating on drying, on the polyethylene and aluminum

foil we used as substrates onto which fingerprints were deposited.
Prolonged heating (56°C) causes it to become brownish. Nothing
to speak of was gained by the heating, which was thus discontin-
ued in our fingerprint treatment procedure. After the room tem-
perature drying, spotted items were immersed in (about 102 mo-
lar) methanol solution of either rhodamine 6G or resorufin for
times from about 10 seconds to several minutes, and then left to
dry again. The immersion time was found not to be important. Fi-
nally, thus processed samples were subjected to a very vigorous
rinse with methanol, to remove the thick coating covering the
spotted region of the sample. With polyethylene, fingerprints
tended to be washed away. We thus mostly focused on finger-
prints deposited on aluminum foil, which has the added virtue of
being non-luminescent under blue-green (Ar-laser) excitation.
Since rhodamine 6G, for instance, is well known to stain finger-
print residue itself, it is necessary for dye staining of fingerprints
to differ in effectiveness from dendrimer dye staining if any visu-
alization of the latter is to be achieved. This is a matter of pene-
tration into or attachment to the dendrimer, and retention there
upon the subsequent methanol rinse, in comparison to the binding
to and retention on the fingerprint residue itself. Spotted finger-
prints stained with rhodamine 6G tended to show uniform fluo-
rescence with reasonably crisp ridge detail, whereas unspotted
prints usually showed spotty development with considerable
obliteration of ridge detail, but with typically more intense fluo-
rescence than spotted prints. With too little rinsing, intensely lu-
minescent residual coating would be apparent and with excessive
rinsing, fingerprints would be obliterated. The situation is com-
plicated further by the inherent fingerprint fluorescence (of the
same color as that of the rhodamine). Thus, we eventually settled



FIG. 6—Tip of fingerprint on aluminumfoil, spotted with dendrimer and
stained with resorufin. See text.

on spotting part of a fingerprint and leaving another part bare, to
ensure that both portions would be stained and rinsed in the same
way. With resorufin staining, spotted portions of fingerprints
showed orange-luminescing ridge detail whereas the correspond-
ing unspotted portions generally had washed-out detail with
weaker fluorescence, indicative of comparatively less effective
staining of fingerprint residue itself by the resorufin. An example
is shown in Fig. 6, where the tip only of the fingerprint was spot-
ted. Clearly, there is preferentia dendrimer attachment to the
spotted fingerprint portion. Whether this is chemical bonding or
adherence by a physical process is not clear. We suspect the for-
mer, given the vigor of the employed methanol rinsing. In any
event, our results suggest that a detailed investigation of finger-
print tagging with dendrimers for purposes of subsequent pro-
cessing that involves photoluminescent semiconductor nanocom-
posites should be worthwhile.

Note Added in Review

Since the submission of this article, we have succeeded in de-
veloping latent fingerprints with CdS/dendrimer nanocomposites.
This makes it interesting to investigate whether it is best to label
fingerprints first with dendrimer and then incorporate the CdS or
whether one should first prepare the CdS/dendrimer nanocompos-
ite and then label the fingerprint with it. Furthermore, optimiza-
tion studies are called for regarding dendrimer size, absolute
and relative CdS/dendrimer concentrations, solvent systems, fin-
gerprint tagging chemistry, photoluminescence lifetime, etc.
These studies are underway and will be reported on in future
publication.
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