RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 58, NUMBER 24 15 DECEMBER 1998-I

Long-lived Mn?* emission in nanocrystalline ZnS:Mrf*
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Recently, it has been reported that doped semiconductor nanoparticles can yield both high luminescence
efficiencies and a spectacular lifetime shortening, which suggests that doped semiconductor nanopatrticles form
a new class of luminescent materials for various applications. From lifetime measurements and time-resolved
spectroscopy we conclude that the ¥Mremission does not show a spectacular shortening of the decay time
upon decreasing particle size as reported earlier. The luminescence of nanocrystallineZri8dded has a
short decay timé~100 ng, but also shows a long ms range decay time. The short decay time is ascribed to
a defect-related emission of ZnS, and is not from the decay ofthéA, transition of the MA* impurity as
suggested by other authors. THg-A, transition of the MA™ has a “normal” decay of about 1.9 ms. Based
on our observations, we conclude that doped semiconductor nanoparticles do not form a new class of lumi-
nescent materials, combining a high efficiency with a skast decay time[S0163-18208)52048-9

The optical properties of nanocrystalline semiconductorsjon of the s-p states of the ZnS and states of the Mfi"
have been studied extensively in recent yéafsThese ma- impurity. This is not observeli® Furthermore, the explana-
terials behave differently from bulk semiconductors. Withtjon is very qualitative and does not provide a quantitative
decreasing particle size the band structure of the semiconodel on how the spin-forbiddefiT,-°A, transition of the
ductor changes; the band gap increases, and the edges of gﬂ“ impurity becomes less spin forbidden through hybrid-
bands split Into discrete energy Ieyels. These SO.'Ca"e ation. In addition, the reported lifetime measurements are
quantum—cqnflnement .effects har%ﬁ stimulated great Intereﬂ*nited. Only decay times in the ns range are reported for
in both basic and applied researth. doped nanocrystalline semiconductors. Besides the group of

Recently, papers on the optical properties of transition hargava, a few other groups have also reported the obser-
metal doped semiconductor nanoparticles have emerged. N gava, a 1 group por
vation of lifetime shortening of the Mii emission due to

1994 Bhargava and GallagHeeported that doped nanocrys- X 10
tals of semiconductors can yield both high luminescence efduantum-confinement effects. Sooklef al.”” observed ns

ficiencies and lifetime shortening from ms to ns at the samélecay times in nanoclusters of ZnS:kp while Ito et al.*®
time. These spectacular results suggested that doped serffiPorted lifetime shortening tas in two-dimensional quan-
conductor nanocrystals form a new class of luminescent mdum wells of ZnTe:MA". The articles on short lifetimes for
terials, with a wide range of application in, e.g., displays,the Mr?* emissiod'®'® do not describe experiments to
sensors, and lasefsAfter the initial publication on the influ-  verify the absence of a ms decay time in nanocrystalline
ence of quantum size effects on the luminescence 6fNim  ZnS:Mr?+.
ZnS, many papers from different groups have appeared on In this paper we report on the ns and ms range lifetimes of
the luminescence of various doped nanocrystals and the pthe emissions of nanocrystalline ZnS doped with?Mand
tential application of these luminescent materiafS. The investigate the origin of these ns and ms lifetimes. The
short decay time, in combination with a high quantum effi-ZnS:Mr?* nanoparticles were made by using an organome-
ciency, is especially important for applications in which satu-tallic and an inorganic synthesis method. The organometallic
ration effects limit the light output of a luminescent material method is similar to the method Gallagtetral 2° described.
(e.g., luminescent materials for projection televigion In a nitrogen atmospherggloveboy, 2.5 ml 1.1 M

To account for the phenomena, Bhargava and Galld§her Zn(C,Hs), was dissolved in toluene. To this solution, 5 ml
suggested that with decreasing particle size a strong hybridsf a 0.011 M solution of manganesecyclohexabutyrate in
ization of thes-p states of the ZnS host and tHestates of toluene and 1.1 ml methacrylic acidtabilizey were added.
the Mr¢™ impurity should occur. This hybridization results After adding 50 ml of a saturated solution of$lin toluene
in a faster energy transfer between the ZnS host and"Mn (0.631 M), a white suspension occurred instantaneously. The
impurity. Due to this fast energy transfer, the radiative re-final concentration of Z{C,Hs), was 0.01 M. The amount of
combination at the M# impurity, which competes with manganese precursor used was 2% of the amount of zinc
nonradiative decay at the ZnS surface, becomes more effprecursor used. The particles were separated from the solu-
cient. This results in an increase in quantum efficiency. Alsotion by centrifuging. The separated particles were rinsed with
it was argued that through this hybridization the spin-methanol and dried in vacuo.
forbidden “T;-%A; transition of the MA™ impurity becomes The inorganic synthesis route resembles standard methods
less spin forbidden, resulting in a shorter decay time. for the synthesis of nanocrystalline II-VI semiconductors,

This explanation may seem plausible at first sight, but stilland is very similar to, for example, the method described by
some doubt remains. For example, one would expect a shiftu et al,? except that the synthesis was done in water in-
of the position of the MA" emission band due to hybridiza- stead of methanol. 10 ml of 1 M Z8H;COO),, 2H,0,
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2-10 ml of 0.1M MRCH;COO),,4H,0 (giving a Mrf*
precursor percentage of 2—10 % relative to the amount of
zinc precursor, and 10 g N&POy),, (stabilizey were added
to 78—70 ml of distilled water. After 10 min of stirring, 10
ml of a 1 M NaS solution was added to the solution. Im-
mediately after adding the N& solution an opaque white .
fluid was obtained. After centrifuging, the particles were
rinsed with distilled water and methanol and dried in vacuo.
X-ray powder diffraction patterns were recorded using a
Phillips PW 1729 x-ray generator with CudKradiation ¢
=1.542A). The x-ray diffraction(XRD) pattern showed
broad lines at positions that are in agreement with the zinc-
blende modification of ZnS. To calculate the particle diam-
eter from the width of the lines in the XRD spectrum, the
Scherrer formul@ was used. According to the calculations,
both synthesis methods gave nanoparticles with a diameter
of approximately 4 nm, comparable to the particle size found S
by Bhargav& and Yu?® 300 400 500 600 700
High-resolution TEM analysis was done on a Philips Wavelength (nm)
CM30 at 300 kV. Both an inorganic and an organic sample
were suspended in ethanol and brought onto a copper grid FIG. 1. The emission spectr@olid lines, recorded forke,
supported with a carbon film. The TEM analysis revealed=300 nm, and excitation spectfdashed linefs recorded forem
that both samples have a size distribution of 3—5 nm, the=590 nm, of nanocrystalline ZnS:Mh made using théa) orga-
majority of the particles being 4 nm in diameter. This par_nometalllc synthesis route, arfl) inorganic synthesis route. In the

ticle size corresponds to the particle size obtained from théigure the manganese precursor percentages relative to the amount
XRD patterns of zinc precursor are mentioned. All spectra were recorded at 300

2% a

Intensity
1

Emission and excitation spectra were recorded with &
SPEX Fluorolog spectrofluorometer, model F2002, equipped
with 0.22 m double monochromatofSPEX 1680. Lifetime The maximum of the excitation spectra for both samples
measurements were carried out using a Lambda Physik LP} at approximately 300 nm. Due to quantum-confinement
100 excimer lasefXeCl) (A =308 nm) or the fourth har- effects the band maximum of the excitation spectra has
monic of a Spectra Physics DCR 2 Nd-YAG laser.{. shifted to the blue compared with the band maximum of the
=266 nm) as an excitation source. Emission spectra at thexcitation spectrum of bulk ZnS:Mt which is at 332 nnf?
laser setups were recorded with a Jobin-i¥vb m mono- Comparison of Fig. () with 1(b) shows that the emission
chromator(Excimer setup or a Spex 1269 1.26 m mono- spectra of samples with the same amounts of Mprecursor
chromator(YAG setup and a Hamamatsu R928P photomul- (2% relative to ZR") are different. The organometallic
tiplier (cooled to—30°C). For decay time measurements a sample shows a much stronger ¥remission band relative
Tektronix 2440 500 MHz digital oscilloscope was used. Theto the ZnS defect emission than the inorganic sample. This
time resolution of the laser setups was limited to some 50 nindicates that the amount of Mh incorporated in ZnS is
by the pulse width of the lasef@0 n9 and the time resolu- higher for the samples prepared via the organometallic syn-
tion of the photomultiplier tubé~10 ng. thesis route. The actual amount of KMnincorporated in the

Time-resolved emission spectra were measured using thénS nanoparticles has not been determined by us, but previ-
same experimental setups as used for the lifetime measureus reports by Gallaghest al?° estimate that for the orga-
ments, together with a gated photon counter model SR400 afometallic synthesis with 10 at. % of Mhrelative to Zrf™,
Stanford Research Systems applied as a boxcar. The tinmnly 0.86 at. % of Mn is incorporated.
delay was varied from~0 us, 3 us to 0.5 ms with pulse From Fig. 1b) it is clear that with increasing manganese
widths of 2 us, 200us, and 1 ms, respectively. precursor percentage used for the inorganic synthesis route

The results of the luminescence studies on the samplebe Mr?* emission becomes more pronounced, showing that
synthesized using the two different processing routes armore Mrf* is incorporated in the nanocrystalline ZnS.
shown in Fig. 1. The emission and excitation spectra are An interesting phenomenon, which has also been ob-
similar to the emission and excitation spectra observed bgerved beforé? is that the samples prepared via the organo-
other authoré:®° For all the samples the emission spectrametallic synthesis route become more efficiently luminescent
show two broad emission bands, one around 420 nm and orafter UV illumination. This effect, called UV curing, causes
around 590 nm. The orange emission around 590 nm can k#n increase of the orange Kinemission, as reported by
attributed to thé'T,-6A; transition of the MA" impurity. The  Bhargava. We have observed that also the purple/blue ZnS
characteristics of the orange Kfnemission are almost iden- emission increases after exposure to UV light. In fact, the
tical to the emission observed for ¥hin bulk ZnS. The ZnS emission grows more rapidly than the ¥remission
purple/blue emission around 420 nm is also observed in urband. Although the explanation of this phenomenon is not
doped ZnS and can be assigned to recombination of frethe purpose of this paper, this observation can be explained
charge carriers at defect sites, possibly at the surface, in Zn®y an UV induced polymerization of the methacrylic acid
This emission is not related to the Kfhimpurity. stabilizer which leads to a better surface passivatiess
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FIG. 2. Decay curves of the emissions of nanocrystalline
ZnS:Mrt measured at emission wavelengths @8 Agn
=400 nm[short(ns decay, (b) A\x=600 nm[short(ns) decay,
and(c) A\ ¢=600 nm[long (ms) decay. The samples were excited
at A, =308 nm(Excimer lasex. All decay curves were recorded
at 300 K.

FIG. 3. Time-resolved emission spectra of nanocrystalline
ZnS:Mr?t. The applied time delays and gate widths are, respec-
tively, (&) ~0 us and 2us, (b) 3 us and 20Qus, and(c) 0.5 ms and
1 ms. The sample was excited at 266 (VWAG lasep. In (d) the
time-averaged emission spectryi,.=266 nm, spectrofluorom-
eten of the same sample is depicted. All spectra were recorded at
300 K.
nonradiative recombination at the surfgcas suggested by
Bhargava and Gallaghéf Apparently, the nonradiative the decay time of the Mid emission reported for bulk
losses are more important in ZnS particles without?n  ZnS:Mrf™ (1.8 m9.%
where nonradiative recombination competes with radiative Based on these observations, we suspect that the short ns
recombination at defect sitégiving blue/purple emission  decay times reported befdréfor the Mr?+ emission, are in
Due to the efficient recombination at Kih (giving orange fact due to decay of the ZnS emission. The tail of the broad
emission, this orange emission is less affected by nonradiapurple/blue emission band extends into the region where the
tive losses at surface states. orange MRA" emission is located. With the setup used to

The main purpose of this paper is to verify the spectaculameasure these decay times, only sog decay times can
decrease in luminescence decay time {ms) for Mr¢* in be observed due to the high repetition rate of the laser. In-
nanocrystalline ZnS. To do this, the lifetime of the Mn deed, a short ns decay time can be obserfdeé to a tail of
emission was measured in the various samples. Also, thine ZnS defect emission around 590 )niout in our opinion
lifetime of the purple/blue emission from ZnS was measuredthis is not due to MA"™ emission. As far as can be deduced
Excitation was at 266 nnMiYAG lasep or at 308 nm(Exci-  from the papers by Bhargava, no experiments were done to
mer lase). For both emissions shofts range¢ and long(ms  verify the absence of a longns) decay time by performing
range lifetimes were measured. The results for an inorganiadecay time measurements for the ¥remission on a setup
sample using 308 nm excitation are shown in Fig&-=2  with a low repetition rate laser.

2(c). Using 266 nm excitation and for organic samples we The decay time measurements reported above strongly
get similar results. suggest that Mfi in nanocrystalline ZnS has a “normal”

The decay curve for the purple/blue emiss[éiig. 2@)]  ms decay time. Still, one can argue that the ms decay origi-
shows a multi-exponential decay with a fast initial decaynates from a minority of Mfi" ions in some large ZnS par-
(7=50 ns) and a slower tail{=200 ns). The time resolu- ticles and that the Mii ions in the smalk4 nm) ZnS par-
tion of our setup does not allow for accurate determination oticles have a shoirins decay time. To verify that indeed all
the short(ns decay times. No long ms decay can be ob-Mn?" emission in the nanocrystalline ZnS has a long ms
served. For the orange emission also, a fast multidecay time we recorded time-resolved emission spectra.
exponential decay(r=40,250 n§ can be observedFig. Time-resolved emission spectra were recorded for various
2(b)]. This fast decay is similar to the fast decay reported byznS:Mr?* samples prepared via the organic and inorganic
Bhargava and Gallaghefor the orange MA™ emission. De- synthesis route, both for 266 nm and for 308 nm excitation.
cay time measurements for the orange?Memission in the  The results of a typical experiment are shown in Figs)-3
ms time regime[Fig. 2(c)] show that, after an initial fast 3(c) for an inorganic ZnS:Mfi" sample using 266 nm exci-
decay (=0.4 ms), a slow single exponential decay with atation. These time-resolved emission spectra were recorded
decay time of 1.9 ms is present. The long decay time of 1.9or time delays of~0 us, 3 us, and 0.5 ms and gate widths
ms at 600 nm is, within the experimental error, identical toof, respectively, 2us, 200us, and 1 ms. For comparison, the
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time-averaged emission spectruUnecorded under continu- From the above results we conclude that the?Mamis-

ous excitation at the spectrofluorométef the same inor- sion in nanocrystalline ZnS doped with Kfhdoes not show
ganic sample is depicted in Fig(d3. a spectacular shortening of the decay time upon decreasing

The emission spectrum measured directly after the lasegarticle size as reported befdrB.The nanosecond decay
pulse[Fig. 3(a)] shows only the broad defect-related emis-times reported for the M emission are most likely due to
sion of the ZnS host at 420 nm, indicating that the ZnSthe tajl of broad defect-related ZnS emissions which overlaps
related emission has a very short lifetime. When the delay i§ith the M+ emission at around 590 nm. From lifetime
increased to s, and the gate width is 20@s [Fig. 3b)],  measurements and time-resolved spectroscopy we conclude
both the 420 nnizn$) and the 590 nm (M) emission are  yhat the MA* emission of nanocrystalline ZnS:¥ih has a
observed. With a delay of 0.5 ms the ZnS related emissiogecay time in the ms range, like the Mnemission of bulk
has totally disappeared, and only the long-lived’emis-  7,5.\2* . Therefore, doped semiconductor nanoparticles
sion rem_ain_s. These results support our interpretation that ﬂ]‘?lay not form the new class of luminescent materials as sug-
ZnS emission has a short decay tie100 ns and the gested by Bhargava and Gallagférsince there is not a
Mn=* emission h‘is a “normal” decay time of about 1.9 ms, compjination of a high luminescent efficiency and a shast
like bulk ZnS:Mrf*. For 308 nm excitation, the same results yecay time(essential in applications where saturation effects
as for 266 nm excitation were obtamed._The relatllve intensiyye to a long decay time are a problerstill, efficiently
ties of the purple/blue and orange emission varied for th¢,minescing doped nanoparticles can be important for other

different samplegorganic, inorganic, different NFﬁ con-  applications and the luminescence of doped nanocrystals re-
centration§ but in all cases the purple/blue emission domi-3ins an interesting field of research.

nated for short time delays and gatesns/us) and only the
orange emission remained in spectra recorded for long delays The financial support of Philips Lighting is gratefully ac-
and gategms). knowledged.
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