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Results of a pilot study with a spectro-streak apparatus applying a grating microspectrometer with

a self-focusing reflection grating are reported. The microspectrometer(dinignsions: 1¥X6.4

mn¥; 125 um effective thickness of the three-layer x-ray resist systéabricated with the versatile

LIGA technique, has been adapted to a picosecond streak camera. Performance tests have been
carried out with a fluorescent probe exhibiting a dynamic Stokes shift of the exciplex fluorescence
band due to solvation of the charge transfer dipole within about 400 ps. The use of a LIGA
microspectrometer in ultrafast spectroscopy proved to be of advantage in time-resolved studies of
complex luminescence spectra where a moderate spectral resolution is required and a large spectral
range must be covered. @996 American Institute of PhysidsS0034-67486)00907-(

I. INTRODUCTION then normalizing the kinetic data to a relative scale. This
. o rocedure requires knowledge of the relative intensities of

The high-speed streak camera has become an 'nQ'SP?_'%'e measured data, which is often not available. In a recent

able tool in many areas of time-resolved studies in scientifi aper we have described the performance of a spectro-streak
research gnd engineering. Researchers in biology, chemistr pparatus which is characterized by the combination of a

and physics use the streak camera to measure the fluore[§0

X N ; olychromator objective with a conventionally designed
cence and absorption kinetics of ultrafast light phenomenag ating coupled to a commercial streak canfétaVlean-
In particular, fluorescence measurements in the picosecoq}J

ime d . il ; 4 with this kind of hile, this instrument has provided numerous valuable spec-
time domain are conveniently performed with this Kind of yo5eqpic data, which would not have been obtainable as
detector:™ Streak cameras are based on the conversion

. - o . ) cFeadily with other measuring techniques. The most striking

temporal information into spatial information. Photons strik- examples lie in studies of molecular dynanfiaa, particular,

ing the photocathode of the streak tube produce emission %folvation dynamic®® and preferential solvatiot?

electrons in proportion to 'Fhe incident Iig_ht intensit_y. The In the last few years, highly sophisticated designs of

electrons are accelerated via an accelerating fiiestvia a optical microsystems have been created which can possibly
proximity focusc_ad nonamplifying channel pldethey are be employed with advantage in time-resolved ultrafast spec-
then electrostatically swept at a known rate over a I("lowr}roscopy. In this article, we describe the results of a feasibil-

d|st§mce, r?on\;]ertmgl] temp(_)ral |nforg1at!on 'nt?ct spatial .|nfor- ity study carried out with a spectro-streak apparatus which
mation. The photoelectror{® some designs, after passing a geq 4 | 1GA microspectrometér2in ultrafast spectroscopy

channel plate intensifigimpinge upon a phosphor screen . e first time (Fig. 1). The combination of the compact
forming the streak image which is viewed by a video reado%wicro-optical device with a conventional streak camera al-
system. . lows simultaneous measurement of light intensity &s a
Conventlonal_streak camera apparatus measures fluor&gin ction of wavelengti\) and time ). The streak camera
cence time functions at fixed wavelengths. In many photo-output provides aih(t,\) histogram making the dynamics of

physical and photochemical kinetic studies, however, Such ag,omatic fluorescence changes directly visible after only
solvent relaxation, exciplex formation, electron, proton Olone excitation event

energy transfer, conformational changes, excimer formation,

and ionization reactions, etc., fluorescence emission must be

measured simultaneously as a function of time and wavel THE SPECTRO-STREAK SETUP
length. Global analysis is required in order to determine ki- A commercial picosecond streak camékamamatsu,
netic rate constants and thermodynamic properties related t9pe 1370-01, 2-ps resolutipwvas used for this pilot study.
those processes. Spectrally and time-resolved data coverifuorescence light from the laser-excited sam@ ic di-

the desired wavelength range can be obtained by taking megectly received by the input fiber in contact with the excited
surements successively at many different wavelengths angicrovolume or is relayed by an achromat sysiérm) to the
input fiber of the grating microspectrome{@MS); cf. Fig.
aAuthors to whom correspondence should be addressed. 1. The dispersed light output of the GMS is focused sharply
Ppresent address: MPTifiMikrostrukturphysik, D-06120 Halle, Germany. with an achromatL2) onto the photocathodéPHC, sensi-

2490 Rev. Sci. Instrum. 67 (7), July 1996 0034-6748/96/67(7)/2490/6/$10.00 © 1996 American Institute of Physics



TABLE |. Data of the grating microspectrometer GMS.

GMS

Grating constant 25 um
out SVG Order 1
Spectral range 400-1100 nm
Spectral resolution 0.24 niaim
1y y Blaze wavelength 740 nm
¥ Transmissior(blaze 24 %
14 ; Attenuation to scattered light 25 dB
Optical fiber 50/125 gradient index um
Dimensions of GMS chiglength/width 17.25/6.4 mm/mm
Thickness of planar waveguide 50 um
Time resolution of grating; Eq.3) ~6 ps
= Group delay, calculate#00—-530 nnj 3-5 ps

) ) Eﬂs.(l) and(2)
FIG. 1. Schematic representation of a spectro-streak arrangement compose

of a streak tube and a planar LIGA GMS chip, in front, with gradient index
fiber input (F). Shown are two alternative constructigiadt. 1 and alt. 2. A o ) o
ps laser pulse excites the sam@émicrovolumg which then emits exci- ~ Synchrotron radiation and the high selectivity of the devel-

plex fluorescence light that varies from a ps to ns time scale due to solvatiopper specially tailored to polymethylmethacryldBVIMA),

and recombination processes. The components ofH#@mamatsustreak inh i _ i ; ; _

tube are(see the text PHC: AM: DE: SVG; MCP: and PS. which is used as the x ray sensitive m_atenal, submicron ac
curacy over the total height of the microstructures can be

o o . o achieved and vertical walls can be obtained. As the LIGA

tivity S20), which is deposited on the inside of the glass

o grocess does not rely on the use of the crystal orientation of
envelope of the streak tube. In this pilot study we used any material, there are no restrictions in lateral patterfin
GMS chip of the alternative design, alt.(&f. Fig. 1). The y ’ P g

streak tube incorporates an accelerating m@g¥), the de- 'I_'he _wavegtilde consists of a PMMA core layer with re-
. : . fractive indexn=1.49 at 589 nm and cladding layers from
flection electrode$DE), and a microchannel plate amplifier

(MCP) which intensifies the photoelectron beam current be-C opolymers of PMMA ‘and tetrafluoropropyl methacrylate

fore it reaches the phosphor scre@8. An external micro- (TFPMA) with n=1.425. The material attenuation in the vis-
channel plate, a CCD camefRhotometrics, STAR 1 with ible and NIR spectral range up to 1100 nm for a PMMA core

384x576 pixels and 25m pixel size and a personal com- is of the order o_f 0.3 dB/cm which is sérﬁqall enough with
puter complete the spectro-streak appardths latter three regard to the optical path length of 2-3 cin.

o T The thickness of the different layers of the GMS is
components are not shown in Figh. Bample excitation in ; : .
. . . . matched to the fiber parameté8/125,m multimode fiber,
our experiments is accomplished with single pulses from

frequency tripled Nd:glass lasé851 nm, 7 ps half-width Q\IA=O.2) by which the light is launched into the waveguide.

The magnification of the dispersed spectral pattern from th(-ar he position of the fiber-end face is given by a fiber-fixing

) - . . groove and is adjusted to the grating on a Rowland circle.
GMS was about 1.2, yielding a nominal spectral reSOIUtlonThe blazed reflection grating is structured with optimized
per 25um at the photocathode of about 3 nm. 9 9 P

individual positions of each single-grating tooth. Thus, im-
aging losses on the linearized focal line can be negleGtéY.
A high reflectivity is achieved by coating the grating with a
The microspectrometer based on a polymeric multimodel00-nm-thick silver layet®
waveguide with a self-focusing and blazed reflection grating, = As mentioned above, the PMMA resist used in the LIGA
adjusted fiber fixing groove, and with a tiltédlt. 1) or non-  process shows good optical transmission properties in the
tilted (alt. 2 focus line have been developed at FZK/IMT visible and near-ir regions. In order to be able to fabricate
(Forschungszentrum Karlsruhe, Institlit Mikrotechnik.’®>  micro-optical components with proper characteristics by
The reflection grating which is patterned into the integratecdeep-etch x-ray lithography, it is also essential that the
waveguide works in the spectral range from 400 nm—-1100oughness of the vertical walls is preferably lower than 1/10
nm with a maximum transmission of 24% at the blaze wave-of the wavelength of the light. Phase shifting interferometry
length of 740 nm. More data of the GMS are given in Tableexperiments have demonstrated that this requirement has
I. Other designs, optimized for shorter and longer wave-been achieved: The surface roughness turned out to be only
length ranges, have been fabricated too. on the order of 30—40 nif. The attenuation to scattered
The complete optical arrangement of the grating mi-light—which is an important figure of merit in optical mi-
crospectrometer is structured in one process sequence takiogpdevices, particularly in spectro-streak applications—has
advantage of the LIGA techniqd&-2°By this technique, all been determined as 25 dB for the complete GMS used in this
components are adjusted with respect to each other and ratudy (cf. Table )).2°
further alignment is required. The LIGA process is based on  For applications in ultrafast spectroscopy, a delay in
a combination of x-ray lithography, electroforming, and rep-time, due to group velocity dispersion in PMMA generally
lication techniques, and allows the fabrication of 3D micro-has to be taken into account in the lower picosecond regime.
structures with high aspect ratios. The structural heights oWave groups centered at different wavelengthsand \,,
LIGA microstructures are normally several hundred mi-having traversed optical material of lendthand refractive
crometers, while the minimum lateral dimensions are on théndex n(\), suffer a delay in time\t, with respect to each

order of 1 um or lesst* Due to the high parallelity of the other?1-23

lll. THE MICROSPECTROMETER
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1 1
At=L| ——— ——|, 1 ~LHa (a)
(vgm) vg<x2>) W @)(Q Or<
with group velocity @@
dn| !

vg=C{N—A ax
For PMMA and for, e.g.,A;=400 nm, \,=530 nm, and
L=2-3 cm,At is of the order of 3-5 ps.

The time resolution of the grating itself is about 6 ps,
calculated for a wavelength of 450 nm. We define the time
resolution of a grating as the time delay between the mar-

2) in : H-0—(CH,), -CH,

ginal defracted first-order ray$, NEE cT- (b)
Add . M
“ac af ® 5 cts
where\ is the wavelengthd is the length of the grating is 2 -
the grating constang, is the velocity, and the frequency of FC
light. G

The tolerated length of the GMS'’s input fiber in spectro-
streak applications in ultrafast spectroscopy is determined by
Its group V_eIOCItY dispersiotGVD) in the spec_tral ran_ge of IG. 2. Molecular charge transfer system used for the {asStructure of
the transmitted light to be analyzed as function of time angnhe molecules: pyrene-dimethylanili®yDMA) in octanol (Ref. 9. (b)
wavelength. Spectral broadening of the input light due toSchematic representation of the dynamic Stokes shift of the charge transfer
self-phase modulatiofSPM) becomes effective only at high (CT) emission during solvations], with transitions to the Franck—Condon
light intensities in fibers several meters in length. (FO ground state.

Grating microspectrometefparticularly designed for ir
spectroscopywith an air waveguide, and free of group de- (not intensity correctedfor quantitative evaluation. The left
lay, have also been produced at FZK/IMT. set of graphs shows-t plots. The right set of graphs exhibits

t-A plots. The important feature is the temporal development
of the CT band, i.e., the dynamic Stokes shift due to solva-
IV. EXPERIMENTS AND DISCUSSION tion of the CT dipole. Relaxation of the CT emission maxi-

Results of this pilot study are presented, demonstrating’um toward the equilibrium position takes place in about
the performance of the spectro-streak apparatus with th&00 ps(1/e time). Calibration and correction procedures for -
grating spectrometer chip. The fluorescent sample under iftPectro-streak setups have been described in detail
vestigation is an electron-donor/acceptéD/A) system elsewhgré; furthermore, the application of a band-averaged
[pyrene-dimethylaniline(PyDMA), in octanol, depicted in Correction factor is required in dynamic Stokes shift spec-
Fig. 2@)] that shows ultrafast charge separation after excitall0SCOpY for quantitative global analysis, as pointed out
tion to the locally excited staté E) with a picosecond UV~ earlier=
laser pulse followed by an emission of exciplex
fluorescence®* as given by the general schef&®

solvation coordinate

V. DISCUSSION

hy
A-D—1A* —DI(A-—D*)* The results obtained in this pilot study with a LIGA
av(CT) microspectrometer compare very well with those obtained
v .9 . . . .
LA —Dh) A-D. @) earlier; applying a polychrometer with spherical holographic

grating(65 mm diam, 133 lines/nmNote, however, that the
The exciplex fluorescence band undergoes a dynamic Stoksslvent used in this experiment wasoctanol (with dielec-
shift within about 400 ps due to solvation of the charge transtric constantDK=10 and a longitudinal relaxation time
fer dipole in the protic solvent octanfiFig. 2(b)]. The life-  7,;~360 p3g, while it was n-hexanol in the formerDK
time of the relaxed charge-transfer speci@$,), however, is =12.5 andr ;~180 p3.°
ten-times longer. The quantitative elucidation of the solva- A number of LIGA GMS prototypes with varying design
tion dynamics is the aim of such a spectro-streak experimenfeatures and different spectral characteristics, e.g., with spec-
which is considered as a feasibility study and as a test of thggal dispersion of 0.23, 0.08, 0.14, and 0.22 pm/ have
LIGA microspectrometer as a tool in ultrafast spectroscopybeen reported recently.lt is possible to select an optimal
Figure 3 shows the spectro-streak image which repre&GMS chip in combination with active electron-optical com-
sents the intensity-wavelength-time histograf,t), con-  ponents like streak camefa®r electro-optical devices like
taining information about the charge transfer kinetics, theKerr-gate shutters, as well as for other spectral detection sys-
solvation dynamics, and the charge recombination kineticstems (time-correlated single photon countffigor steady
Figure 4 displays the binning readout of the streak imagestate.
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FIG. 3. Spectro-streak image of excited PyDMA in octanol solution representing the intensity-wavelength-time hisfagram
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FIG. 4. Temporal development of the fluorescence emission from the CT of the aromatic compound PybBidétamol at room temperature. The graph on
the right exhibits the dynamic Stokes shift due to solvation of the CT dipole; relaxation of the CT emission maximum toward the equilibrium position takes
place in about 400 ps.
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(i) A two-story microspectrometer with fiber input and
nondisplaced output windows coupled to a double-
diode array for a picosecond broadband transient ab-
sorption  spectrometer, similar to conventional
designs®

At present there appear to be no fundamental difficulties
in constructing such multistory and cross-talk-free microsys-
tems with, e.g., 2—3 floors with the LIGA technique. Such

multistory microsystems are likely to broaden substantially

the range of application of steady state and time-resolved
spectroscopy.

FIG. 5. GMS in contact with the streak tube input window which is a fiber
optic plate(FP); the PHC, small in size to keep the dark current background ACKNOWLEDGMENTS
low, is deposited on the vacuum side of the (€P Fig. 1) and receives the

“slit” image directly 1:1. Sectional view of the FP in the drawing is to show The test compound has been synthesized by Dr. W. Ku

details.

hnle (see also Ref. )9 The authors thank B. Frederichs and
H. Meyer (both MPI Gdtingen for technical assistance.
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