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In this study a simple route to preparing photochromic silver nanoparticles in @ medrix is
presented, which is based upon sputtering and subsequent annealing. The formation of silver
nanoparticles with sizes of some tens of nanometers is confirmed by x-ray diffraction and
transmission electron microscopy. The inhomogeneously broadened particle-plasmon resonance of
the nanoparticle ensemble leads to a broad optical-absorption band, whose spectral profile can be
tuned by varying the silver load and the annealing temperature. Multicolor photochromic behavior
of this Ag—TiO, system upon irradiation with laser light is demonstrated and discussed in terms of

a particle-plasmon-assisted electron transfer from the silver nanoparticles f@iiCsubsequent
trapping by adsorbed molecular oxygen. The electron depletion in the nanopatrticles reduces the light
absorption at the wavelength of irradiation. A gradual recovery of the absorption band is observed
after irradiation, which is explained with a slow thermal release of electrons from the oxygen
trapping centers and subsequent capture into the nanoparticles. The recovery can be accelerated by
ultraviolet irradiation; the explanation for this observation is that electrons photoexcited in the TiO
are captured into the nanoparticles and restore the absorption ba2@03American Institute of
Physics [DOI: 10.1063/1.1888044

INTRODUCTION material; it is chemically stable and optically transparént.
Chemical, such as sol gbﬁ',lG and physical, such as ion im-
Photochromic materials reversibly change their color unplantation and cosputteririg;*° techniques have been used
der illumination. They have been suggested for a wide range deposit noble metals in Tilfor various applications.
of applications including information storagand large- Naoi et al® have suggested several applications, includ-
scale display.Silver halide photochromic glasses were re-ing rewritable or electronic paper, for the photochromic
ported as early as 1964Two other classes of inorganic Ag—TiO, films, once they can be easily prepared and applied
photochromic materials have been widely studied: rareto |arge areas. These requirements are typically best met by
earth-doped glasstd and thin films of transition-metal fiims deposited using magnetron sputtering. Films obtained
oxides?’ by magnetron sputtering are used for a wide range of
Recently, multicolor phOtOChromism was reported in app|ication§_o In this paper, we report on magnetron-
nanocomposite Ag-Ti®films. These films consist of Ag sputtered Ag—Ti@ films with photochromic functionalities.
nanoparticles embedded in anatase ,Té&@d were prepared Ag nanoparticles are formed in a Ti@natrix by sequentially
photocatalytically using the sol-gel technidifeHere, the  sputtering from Ag and Ti targets and annealing the resulting
photochromic effect relies on reversible spectral hole burnfims. The Ag particles that are formed during the thermal
ing in the particle-plasmon band of the particles. Particleireatment are characterized using x-ray diffraction and trans-
plasmons are collective oscillations of conduction electronsgnission electron microscopy. The particles, whose sizes are
and generally show themselves as pronounced resonancessifme tens of nanometers, lead to a broad optical-absorption
optical spectra of metal nanoparticles. The photochromic efhand across the visible range. The mechanisms of photo-
fect adds an interesting new aspect to the rich optical behavthromic changes in response to visible and ultraviolet light
ior known from Ag nanoparticles and clusters, such as lighyre studied. Spectral holes are burned into the absorption
scattering and absorptidfinonlinear signal enhancement, pand by irradiation with laser light of different wavelengths.
electrOIUminescenC]é, and photoactivated fluoresceﬁée. The Spectra| hole burning is discussed in terms of p|asm0n_
The anatase phase of Ti@s a well-known photocatalytic assisted electron transfer from the silver nanoparticles into
the TiO, conduction band and electron trapping by adsorbed
¥Electronic mail: cdahmen@physik.rwth-aachen.de molecular oxygen, resulting in an electron depletion in the
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nanoparticles. The spectral hole can be removed by captur 1 Anatase TiO, peaks () | Ag free TIO, annealed at 300°C
of electrons from the Ti@conduction band into the nano-
particles. ] o

T
A 500°C

EXPERIMENT 5 1% A " s A Ag
£ ] A A 219
Ag-TiO, nanocomposite films were deposited on glass,£  Jaggeaks agF =~ = =
silicon, and quartz substrates by direct curredd) magne- %‘ ] Ag A
tron sputtering. In a first step, an amorphous Ji&yer was £ 9 ’j‘f“f!

deposited by sputtering a Ti target at a constant pressure cg ' : ' T ' T
1 Pa and a cathode current of 900 mA in an oxygen—argor J
atmosphere. Then a Ag target was sputtered in a pure-argo
atmosphere at a total pressure of 0.8 Pa and a cathode_ cu » LA A - LA = »
rent of 170 mA. The amount of silver sputtered was varied 20

X . . ©
between film thickness equivalents of 6 and 15 nm; these
film thickness equivalents were determined by sputtering difIG. 1. Grazing incidence x-ray diffraction scans of Ag—Jifims (Ag
rectly onto a glass substrate under otherwise identical condfim thickness equivalent: 12 nmand a Ag-free TiQ film. In the as-

tions and measuring the thickness of the resulting Ag ﬁlmdeposited film, no silver peaks are evident, which indicates that the silver is
finely dispersed in the amorphous TiGJpon annealing, silver nanopar-

usmg x-ray reﬂeCtometry- SUb.S_equen.tlyv a SecondZT@er ticles are formed and peak#g) can be observed in the XRD profiles.
was sputtered under the conditions given above. All the sputannealing at 500 °C results in the crystallization of the Jifto the ana-

tering processes took place at a background pressure &fe phas(aA_). Pure Tiqo(top scan films already exhibit anatase peals) _
10°% mbar. Unless stated otherwise, the_total Ifmn thick- nggfg?i?gg at 300 °C. Incorporated Ag, therefore, delays the crystalli-
ness sputtered was 60 nm. For comparison, we also prepared’

pure TiG; films under identical conditions.

The Ag—TiO, films deposited on glass and quartz werescan(not shown hereof a sample with no second Tidayer
subjected to x-ray diffractioiXRD) and optical character- Sputtered on top of the silver. It has been shown rec&ntly
ization, respectively. The films were then heated to varioughat during reactive magnetron sputtering of transition-metal
temperatures at a heating rate of approximately @@min  oxides, energetic oxygen ions with sufficient energy for
in an argon atmosphere; they were subsequently annealed faffuctural modification of the growing film are present. We
1 h at this temperature. Grazing incidence x-ray diffractiontherefore suggest that the dispersion of the Ag layer, which is
(A=1.542 A analysis was performed to determine the struc-2pparent from the XRD scan of the Ag—Ti@Ims, results
ture of the films. Transmission electron microscaifgeM)  from the impinging, energetic oxygen ions formed while the
was employed on Ag—Tigfilms deposited on Si substrates second layer of TiQis sputtered. In contrast to as-deposited
to confirm the formation of Ag nanoparticles in the 5O samples, XRD scans of films annealed at 300 and 500 °C
matrix and to determine the lateral size of these nanopashow pronounced Ag peaks. Evidently, Ag particles have
ticles. For the optical characterization of the films, transmit-been formed inside the TiOmatrix, driven by the trend to
tance and reflectance were measured before and after lad@fnimize the Ag/TiQ interfacial energy. Figure 2 shows
irradiation. Spots with areas of 3—5 rAmere irradiated us- TEM photographs of a sample annealed at 300 °C with a
ing a blue-green Argon-ion lasef\=488 nm), a green Silver film thickness equivalent of 13 nm and a total 7iO
neodymium-doped yttrium vanadatdld:YVO,) laser (»  film thickness of 70 nm. In the cross-sectional vi¢Rig.
=532 nm, and a red helium—neon laser=633 nnj in am- 2(a)] the silver nanoparticles lined up in the Ti@atrix on
bient air in a dark room. The optical transmittar@) and the silicon substrate are clearly visible. As shown in the top
reflectanceR(\) of the illuminated spots were determined
immediately after laser illumination. The absorptarg®.)
of the spots was calculated using the relattoA(\)=1
-T(\)—R(\). These spots were optionally illuminated with
light from an ultraviolet lampgHanau Fluotesth =365 nn).

RESULTS AND DISCUSSION
Nanoparticle formation

The grazing incidence XRD scans of the nanocomposite
films (Fig. 1) illustrate the state of the silver in the various
stages of film treatment. The lowest graph shows the XRD
scan performed on the as-deposited sample. The only promi-
nent feature is the broad shoulder around 26° corresponding

to the amorphous Tipmatrix. Apparently, the silver present FIG. 2. TEM photograph§left: cross-section; right: top viewof Ag nano-

inSid? the system is finely dispersed in th? fimo_rphousz Tioparticles in amorphous Ti{annealed at 300 °C. The particles show a broad
matrix. In contrast, Ag peaks are clearly visible in the XRD variety in shape and size, and some facetting.
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view in Fig. 2b) the particles have a broad size and shape a)
distribution; lateral diameters varying from 10 nm up to
25 nm are estimated from the TEM picture, and the particles
are partly facetted.

The XRD scan of the sample annealed at 500 °C shows
another interesting aspect. The additional peés com-
pared to the sample annealed at 300 $Bow that crystalli-
zation of the TiQ to the anatase phase has taken place.
Amorphous TiQ without Ag load, sputter deposited under
identical conditions, would crystallize in the form of anatase
after 1 h of annealing at around 300 °C, as shown in the top
scan in Fig. 1(cf. Ref. 23. In contrast, crystallization of 0.0
TiO, loaded with Ag is delayed; according to the XRD ~ 400 600 800 1000
scans, the films still remain amorphous at an annealing tem- Wavelength (nm)
perature of 450 °@not shown herg while during annealing b)
at 500 °C, crystallization to the anatase phase finally takes
place. We understand the delayed crystallization as another
indication of the fine dispersion of silver in the amorphous
TiO, matrix during the sputter process; the presence of silver
atoms appears to increase the activation barrier for crystalli-
zation. Similar phenomena have also been reported for an
incorporation of Fe in TiQ (Ref. 249 and for sol-gel-
prepared Ag—TiQ films 2

Annealing Temperature

—as
- - -300°C
--—- 400°C

Absorptance

(RO

Absorptance

Optical properties

0.01— , T . r v
Figure 3 shows optical-absorption spectra for varying 400 600 800 1000

annealing temperatures and Ag loads. The data shown in Fig. Wavelength (nm)
3(a) for the as-deposited film show no absorption character-

istic of Ag particles and thus confirm the observation made!C: 3. Absorptance spectra of Ag—TiGilms with a Ag load of 13-nm
film thickness equivalent, annealed at different temperat@agsand of

above regarding the absence of such particles. The absorRs_rio, fiims with various silver loads annealed at 300 ig. The an-

tion edge below 400 nm is due to interband transitions in theealed films show a broad absorption band across the visible range caused

TiO,, which has a band-gap energy of 3.2 eV. For the filmby the particle-plasmon resonance of the Ag nanoparticles. Increasing the

annealed at 300 °C, a broad absorption band centered ?qnealing temperature leads to the formation of larger particles absorbing at
L . . onger wavelengths. Similarly, the initial amount of silver present in the

around 550 nm is visible. It is caused by the pamde'system allows for tuning the width and height of the absorption in the region

plasmon resonance of the Ag nanoparticles; this resonance tgtween 500 and 800 nm.

inhomogeneously broadened due to a broad distribution of

particle sizes and shapes in the films, and due to possiblgys s consistent with the process of particle formation sug-
mho_moggenelt.les in the dielectric environment of the yested above. The amount of silver initially present in the
particles. A higher annealing temperature leads to a slightsysiem determines the maximum particle size attainable and
increase in absorptance, presumably due to a growth of pafnerefore controls the long-wavelength absorption of the sys-
ticles at the cost of the Ag finely dispersed in the 7i@a- (e Similarly, the annealing temperature controls silver ag-
trix. The maximum of the absorptance spectrum is shifted tQregation into nanoparticles. Both parameters together allow
larger wavelengths upon annealing at 500 °C, presumabliye tyning of the absorption properties in the visible range.
due to the particle growth. It is well known that the particle-

plasmon resonance is a function of particle shape an
sizé%* and increasing particle size generally leads to a red-
shift of the resonance positi&ﬁ‘.28 An alternative explana- In the previous two sections we have demonstrated the
tion of the absorptance shift in terms of a change in thdormation of Ag nanoparticles in sputter-deposited Ag—JiO
dielectric properties of the matrix cannot apply, since earliemanocomposite films and analyzed the influences of anneal-
studie§® have shown that the change in refractive indexing temperature and initial silver amount on the optical prop-
which the TiQ matrix undergoes during the phase transitionerties. In this section, the photochromic behavior is exam-
from the amorphous to the anatase phase is less than 29ned.

Mie theor)f9 calculations for spherical particles show that a In Fig. 4 we show the change in absorptance upon laser
change of this order of magnitude would shift the resonancéradiation at a wavelength of=488 nm, corresponding to a
wavelength by only approximately 10 nm. Figurt@Bshows photon energy of 2.54 eV, and at an irradiation time of 1 h.
absorptance spectra for films with various Ag loads anneale@he power density on the irradiated spots was
at 300 °C. At long wavelengths a strong dependence on Ag=20 mW/mn?. Samples with a Ag load of 12 nm are used
load (as given by the film thickness equivalgig observed. for this experiment. The samples were annealed at 500 °C

hotochromic behavior
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0.04 sample was reduced by 9% as compared to the state imme-
diately after laser irradiation, while that of the 100 °C

024

% o0 sample was reduced by 14%.

2 0.00 Spectral hole burning has previously been observed by

% -0.024 Ohkoet al® on sol-gel Ag—TiQ films. They interpreted this

g photochromic behavior as due to photoinduced electron

-‘,ES -0.04+ emission from the Ag nanoparticles. However, the precise

® 0064 nature of this emission has remained unclear. In the follow-

£ ing, we wish to elucidate this point in more detail.

O -0.08- The linear power dependence shown in Fig. 5 indicates

0.104— : . . that the electron emission does not originate from two-
400 600 800 1000 photon photoemission nor higher-order multiphoton

Wavelength (nm) processe@ but must be due to a one-photon process. Fur-

FlG. 4. Diff in absorptandwith o th iluminated stht thermore, since the laser wavelength lies in the particle-
. 4. biirerence In apsorptang&itn respect to the nonilluminated state . . . . . _
of a Ag—TiO, system as described in the text after blue-green laser irradiaplasm(_)n band, the |nC|d.ent'photons will excne.partlcle plas
tion (\=488 nm. A decrease of the absorptance is clearly visible at theMons(i.e., collective oscillations of the conduction electrons
wavelength of irradiatiortarrow. in the silver nanoparticlgsrather than individual electron
transitions. It is well known that particle plasmons decay into

prior to laser irradiation to form a crystalline Tj@natrix. As ~ Other electron excitations on a time scale of a few tens of
a result of the laser irradiation, a deep minimum is observedemtosecond$>**=°in Ag nanoparticles these excitations
in the differential absorptance spectrum at the laser waveRccur predominantly within the conduction band, since the
length (indicated by the arroy Similar spectral holes are Particle-plasmon resonance is far below tie5$pinterband
obtained upon laser irradiation ax=532 nm and A absorption edge of silver at 3.87 &¥The energy of these
=633 nm, respectivelynot shown. The intensity depen- excitations is sufficient to promote electrons across the
dence of the spectral hole is examined by irradiating identiboundary between Ag and Ti(provided that the potential
cal samples at various power densit{@s=532 nnj. The ir- barrier between the two materials is low enough. The height
radiation time was 1 min in each case. Figure 5 shows théf the Schottky barrigf-** between Ag and Ti9 may be
spectral hole deptfgiven as the maximum change in absorp_estmatgéj using the fact that TjGhows little Fermi-level
tance with respect to the nonirradiated stdte power den-  pinning™ For anatase Ti® films an electron affinity of
sities between 1.5 and 47 mW/rAnThe spectral hole depth 3.9 €V has been calculated from transport experiménts.
increases linearly with increasing laser power density, up to &ubtracting this value from the silver work functiéh3 eV,
density of 15 mW/mrh At larger power densities, satura- Ref. 36, we obtain a Schottky barrier height of 0.4 eV with
tion sets in. After removal of the laser irradiation, the specrespect to the Fermi energy in the metal. This barrier height
tral hole gradually disappears on a time scale of severdb low enough for electrons to be promoted from the Fermi
hours up to days at room temperature; the recovery time g$€a of silver into the conduction band of the Ji®his emis-
the particle-plasmon band appears to depend on the precisi®on process results in a depletion of conduction electrons
preparation conditions of the samples. The recovery can band thus a positive charging of the nanoparticles. According
accelerated by storing the samples at elevated temperaturé@.simple electrostatics, the remaining conduction electrons
Two samples irradiated at=532 nm and a power density of Wwill rearrange themselves such that a positively charged
7.5 mW/mn? were stored in an oven at 70 and 100 °C, layer forms in the nanoparticles at the Ag—TJilbbundary. It
respectively. After 1 h, the spectral hole depth of the 70 °Gs plausible that this layer will consist of Agons; indeed,
the presence of Agions has been observed in recent x-ray

014 i photoelectron spectroscopy measurements on Ag/TiO

o2 - ] a nanocomposite®, While the transformation of metallic Ag
8 to Ag* has been suggested by Ohioal & to be the cause of
§ 0107 u the absorption change observed within the particle-plasmon
2,-0.08- band, the precise mechanism of this change is not entirely
;-o.os- ..'l clear. It may be caused by a reduction of the particle-
€ 004 n plasmon oscillator strength due to the shrinkage of the me-
& ) tallic Ag core and/or by a redshift of the particle-plasmon
8 ‘0024 . ~° :

n resonance frequency due to the reduced conduction electron
0.00 ——————————————————— density, as suggested by Kreigyal > and by Hilger for the

0 5 10 15 20 25 30 35 40 45 50 )
case of electron transfer from Ag nanoparticles tgy C

acceptors’ In either case, the saturated behavior at large
FIG. 5. Change in absorptanteith respect to the nonirradiated steté the  laser power densities in Fig. 5 indicates that the electron
position of the spectral hole in a Ag—-Tj®ilm after green laser irradiation  depletion resulting from intense or prolonged irradiation ul-

atA=532 nm for 1 min, as a function of laser power density. A linear rela- timately limits the electron emission from the nanoparticles
tion between spectral hole depth and power density is observed for densiti ’

up to 15 mW/mm (the dashed line is a guide to the &yat larger power elshis_ limitation may be caused by a change in the potential
densities, saturation sets in. barrier caused by the growth of the Atayer.

Laser power density (mWImm’)
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The spectral hole burned into the inhomogeneously 0.3654
broadened particle-plasmon band persists for some hours up 1
to several days after the laser irradiation has been removed. 0.36091 . red laser red laser
This implies that the electrons transferred from the nanopar- 0_355_' ) .
ticles to the conduction band of TiCare not immediately e
recaptured by the positively charged particles but are trapped & %3507
by some trapping centers in the TiQt is known from stud- § 0.345
ies on semiconducting gas sensors that adsorbed molecular < 1 e
oxygen can act as an efficient trapping center for electrons in 0'340'. n UV light source
the conduction band of semiconductdts? It is therefore 0.3354 .
likely that the trapping centers involved in the present pro- ] z T H
cess consist of molecular oxygen adsorbed at the surface of Cycle index

the thin TiG, film in the vicinity of the nanopatrticles, result-

ing in the formation of @ . This assumption is supported by FIG. 6. The absorptance at 633 nm is recorded for a Ag-Til1 irradi-

the observation made in Ref. 8 that the spectral hole burnin ted with red laser light during two photochromic cycles. The repeatable
' . . ffect of spectral hole burning by laser irradiation and its reversal by ultra-

process strongly depends on the atmospheric environmenf et irradiation is clearly visible.

No spectral hole burning was observed under, N

atmospheré.This finding can be explained with the absencedeposited Ag-TiQ films is thus similar to that recently

of adsorbed oxygen acting as trapping centers; the emitte&emonstrated for sol-gel-processed Ag—g’fﬂ)‘nss
electrons are thus immediately recaptured by the positively

charggd nanoparticles during the Ia§er irradiation. In Coné:ONCLUSION
trast, in the presence of atmospheric oxygen, enough ad-

sorbed oxygen is available for electron trapping. The recap- We have presented a method for preparing photochromic
ture process then takes very long, since thermal release éfg nanoparticles in a Ti@matrix using dc magnetron sput-
electrons from the trapping centers to the Jinduction tering followed by thermal treatment. We have demonstrated
band will be slow at room temperature. The thermal releas#hat the particle-plasmon line of the Ag nanoparticles can be
is expected to be accelerated at elevated temperatures; tifigntrolled by varying the amount of Ag present in the
expectation is confirmed by our observation that the recoverfAg—TiO, system and the annealing temperature. By irradi-
of the particle-plasmon band is faster at 100 °C than afting the system with blue-green, green, or red laser light,
70 °C. Assuming that the recovery is solely limited by ther-spectral hole burning has been achieved. We explain the
mal activation of carriers from the traps to the Ji€nduc- Photochromic process by electron emission into the ,TiO
tion band rather than by transport to the, and capture into, théonduction band from those Ag nanoparticles whose particle-
nanoparticles, the difference in recovery rates at the two tenlasmon resonance wavelength matches the laser wave-
peratures allows us to make a rough estimate of the traf#Ngth. The electrons are subsequently trapped by adsorbed
depth (with respect to the conduction-band etiggielding ~ ©XYgen near the Ag nanoparticles. A gradual recovery of the
~0.2 eV. This estimate is in reasonable agreement with thRarticle-plasmon band is observed after irradiation, which is

depth of surface trap states recently determined for polycrysEXPlained with a slow thermal release of electrons from the
talline TiO, films (0.185 eV}, %° trapping centers and subsequent capture into the nanopar-

éicles. The recovery can be accelerated by ultraviolet irradia-
tion; the explanation for this observation is that electrons
Bhotoexcited in the TiQare captured into the nanoparticles
and thus restore the absorption band.

We have observed that the removal of the spectral hol
can be accelerated by irradiation with an ultraviolet light of
3.4-eV photon energy. A similar observation has been mad
by Ohko et al® we explain this acceleration as follows:
Since the photon energy of the ultraviolet ligt&4 eV) is We thank B. von Issendorf, U. Kreibig, A. Pinchuk, and
greater than the band-gap energy of Ji3.2 eV), electron— D, Sanders for helpful discussions. One of the autiid®)
hole pairs are optically excited in the Tj@natrix. The elec- acknowledges financial support from the Alexander von
trons photogenerated by the ultraviolet irradiation are atHumboldt Foundation.
tracted towards the positively charged nanoparticles and
captured by them. The nanoparticles are thus discharged anh. Lei et al, Proc. SPIE506Q 28 (2003.
the particle-plasmon line is restored. Presumably the photo-J: N- Yao, K. Hashimoto, and A. Fujishima, Natufeondon) 355 624
generated holes will eventually recombine with the electronssy i armistead and S. D. Stookey, Scientd0, 150 (1964.
that are thermally released from the oxygen trapping centers’persistent Spectral Hole-Burning: Science and Applicatiedited by W.

Figure 6 demonstrates the cyclability of the photo- SE- %O‘ggre]r ";‘g (|\3/| (,:\,'OBE,%IU;&KETE?Z? 223&;38?13(2003
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