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The temperature and pressure dependence of the photoluminescence from ZnSZW®:Ci#+,

and ZnS:E@" nanocrystals were investigated in the temperature range from 10 to 300 K and under
hydrostatic pressure up to 6 GPa at room temperature. The orange ent&&onmn) from the
4T,-8A, transition of Mt ions, the green emissiai®18 nmy from the 4f°5d*-4f transition of

EW ™ ions and the blue emissidd60 nm related to the transition from the conduction band of ZnS

to thet, level of Ci* ions were observed in the Mn-, Eu-, and Cu-doped samples, respectively. It
was found that all of these emission bands decrease in intensity with increasing temperature. Among
them the intensity of the Mn-orange emission dropped faster. The activation energies were estimated
to be 58, 16, and 42 meV for the Mn-orange, Eu-green, and Cu-blue emissions, respectively. A
negative pressure coefficient 6f26 meV/GPa was obtained for the Mn-orange emission, which
agrees with the value calculated from the crystal field theory. The pressure coefficient of the Cu-blue
emission was found to be 62 meV/GPa, which is almost same as the value of the band gap of bulk
ZnS. However, the pressure coefficient of the Eu-green emission is 23 meV/GPa, which is contrary
to the predication by the crystal field theory. The strong interaction betweerf t6e4state of the

EW* ions and the conduction band of ZnS may be the origin for the positive pressure coefficient
and the small thermal activation energy of Eu-green emission.20@4 American Institute of
Physics. [DOI: 10.1063/1.1650894

I. INTRODUCTION nanocrystals because the band gap of ZnS NCs becomes
wider due to the quantum confinement effect. For example,
Semiconductor nanocrystalsiCs) have attracted much e intraions transition of #5d-4f7 within E/?* ions in
attention in recent years. Because of quantum confinemerp_iu_doped ZnS NCs has been observed by several gﬂéﬂ]’ss.
effect in NCs, semiconductor NCs exhibit unique optical andrpe pulk ZnS:Cu has two well-known emission bands
electronical propertiesHowever, the surface-related nonra- namely, blue and green bah¥iBut for ZnS:Cu NC, its lu- ’
diative recombination may reduce the luminescence effizyinescence property is still an open problem. Khosravi
cienpy of NCs signific_antly, thus Iimit.ing the applications of &t 5114 gpserved an emission band peaked at 480 nm, and
semiconductor NCs in optoelectronics. In 1994, Bhargavayihyted it to the transition between defect state related to
et al. reported the high luminescence efficiency and short,ion vacancies and the copper induégtevel. Bol et all®
emission lifetimes of ZnS nanoparticles when Mn ions Wer&enorted the observation of gregt70 nm and red(600 nm
incorporated into the particlésSince then, there has been emissions, which are assigned to the recombination from a
much effort devoted to the investigation of semiconductorsha||ow|y trapped electron to thg state of C&* ions and
NCs doped with various impuriti€s®In particular, different e deep localized donor state relatedSio ions, respec-
impurities-activated ZnS NCs such as ZnS:Mn, CdS:MN, Znyjyely On the other hand, the emission bands observed by Xu
S:Eu, and ZnS:Cu, etc., have been extensively studied. Thegg 516 consist of two emission peaks centered at 460 and 507
studies |nclgd8e preparation methods fof the matefiddsiruc- They attributed the two emission bands to the transition
ture analysis;® and optical propertie%: _ from the conduction band and shallow donor state of ZnS
An orange emission has beeg observed in the ZNS:MRyost to thet, state of copper, respectively. In order to extend
NCs, which is attributed to théT,-°A, transition of Mrf practical applications of the ZnS NCs, it is highly desirable

i9n§ in th‘i ZnS host. However, the similar intraions transi-, haye a better understanding of the nature of the impurity
tion of E*™ cannot be observed in bulk ZnS:Eu because therelated transitions in the NCs.

excited §tate of F{Jr are higher or degenerate with the host The temperature- and pressure-dependent photolumines-
conduction banél: In contrast to the case of bulk ZnS:Eu, cence(pL) techniques are frequently used to investigate the

the intraions emission from the El can be observed in properties of the luminescence centers in semiconductors.
Since externally applied hydrostatic pressure can short the
dElectronic mail: fhsu@red.semi.ac.cn interatomic distance, and thus change the overlap among ad-
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jacent electronic orbits, the pressure dependence of lumines-
cence can provide some useful information about the elec-
tronic states of the emitters and the interactions between the
luminescence centers and their hosts. Because the tempera-
ture influences the crystal fields surrounding luminescence
centers and electron-phonon coupling, the different lumines-
cence centers are expected to exhibit different temperature
behavior. The temperature and pressure behavior for the or-
ange emission in ZnS:Mn NC were investigated in
detail1*~*® However, there are relatively few studies on the
temperature and pressure behavior for ZnS:Cu and ZnS:Eu
NC. In this article, we report a comparative study on the
luminescence spectra from ZnS:Mn, ZnS:Cu, ZnS:Eu NCs
under different temperatures and pressures. The temperature
dependence of the emission intensity and the peak energy,
the pressure dependence of the peak position for the charac-
teristic emission bands related to the three kinds of doped F
impurities in ZnS NCs were investigated in detail. ' 18 241 24 27 30 33

ENERGY(eV)

INTENSITY(arb.units)

Il. EXPERIMENT
FIG. 1. The PL spectra from ZnS:Mn, ZnS:Eu, and ZnS:Cu nanocrystals at
The samples of Cu-, Eu-, and Mn-doped ZnS NCs weresoo and 10 K. The dotted lines are the least-squares fitting curves using two

synthesized with microemulsion and hydrothermal treatmentGaussian functions.
The detailed preparation process has been reported
previously? The particle size of doped ZnS NC was deter-
mined to be distributed from 3—18 nm by TEM observafion. The shoulder becomes visible only in the low-temperature
The variable-temperature PL measurements were peBpectra, as shown in Fig. 1. It may be due to the different
formed by fixing samples on the cold finger of a closed-cycleexcitation power in the two measurements. The Eu-doped
refrigeration system. The temperature could be varied frorZnS NCs have a relatively broad emission band that is simi-
10 to 300 K. The PL measurements under hydrostatic predar to the result reported in the refererfcélowever, the
sure were done in a gasketed diamond-anvil @AC) at  spectrum obtained in the present study seems to consist of
room temperature. Some powders of the samples, togeth&vo emission bands, which can be resolved into the two
with a piece of ruby chip, were placed in a stainless-steef5aussian-like peaks as shown in Figa)l The main band at
gasket with a hole of 30@m in diameter. The 4:1 methanal- 2.4 eV(518 nnj is assigned to the Edi intraion transition of
ethanal mixture was used as pressure-transmitting mediundf®5d*-4f" and is referred to as the Eu-green emission.
The pressure was determined by using the standard ruby-he high-energy shoulder around 2.7 660 nn is tenta-
fluorescence technique and could be varied from 0 to 6 GP4ively assigned to be a donor-acceptor pair transition in ZnS
The 325 nm line of a He—Cd laser was used as the exhost. At low temperatures, a broad emission band around 2.8
citation source. The emitted light was dispersed by a JYeV was observed in addition to the Mn-orange emission in
HRD1 double grating monochromator and detected by &nS:Mn NCs. This band has been discussed in detail and
cooled GaAs photomultiplier operating in the photon-Wwas attributed to the donor-acceptor pair transition related to

counting mode. ZnS host in Ref. 18. The 10 K PL spectrum of the Cu-doped
ZnS NCs consists of two emission bands including a main
11l. RESULTS AND DISCUSSION blue emission and a low-energy shoulder at about 2.45 eV

(508 nm. The latter is called the Cu-green emission in the
following discussion. The Cu-green emission band has been
Figure 1 shows the PL spectra measured at 300 and 10 Kttributed to the transition from a defect state in ZnS gap to
for three kinds of ZnS NCs doped with different dopants.the t, state of Ca" ions®*° From the low-temperature PL
The room-temperature PL spectra from the same samplespectra of ZnS:Eu, it can be seen that the relative intensity of
have been reported elsewh&réhe PL spectrum of ZnS:Mn the blue emission band with respect to that of the Eu-green
NCs at 300 K consists of only one peak at 2.05 eV, which ipeak becomes even smaller.
the characteristic emission of Mih ions (*T;-%A;) in ZnS The more PL spectra for the three samples under differ-
lattice? This peak is referred to as Mn-orange emission inent temperatures are shown in Fig. 2. As can be seen in Fig.
the present article. The Cu-doped ZnS NCs at room temper&(a), the blue emission of the Mn-doped ZnS NCs quenches
ture also had an emission peak around 2.7 (d80 nm, faster than their orange emission with increasing tempera-
named as Cu-blue emission henceforth, which is attributed tture. At room temperature, the blue emission quenches com-
the transition between conduction band of ZnS NC andletely while the orange emission is still observable. In con-
acceptor-like the,(d®) state of Clf. It should be noted that trast to the case of the Mn-doped ZnS NCs, the high-energy
the low-energy shoulder at 508 nm reported previduly peaks of the Eu- and Cu-doped ZnS NCs quench slower than
almost invisible at room temperature in this measurementheir corresponding partners at the lower energy side. For

A. Temperature dependence
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lo
1+aexp —E/kgT)’

I(T)= 1)
whereE is the activation energy for the thermal quenching,
kg is the Boltzmann constand is a constant, andl, is the
emission intensity at 0 K. A fitting result to the experimental
data of the two samples using EQ) is presented in Fig. 3

by the solid lines. The obtained activation energy is-B6
meV for the Eu-green emission, and42 meV for the Cu-
blue emission. However, the temperature dependence of the
Mn-orange emission cannot be well simulated by the(Ey.
According to the experimental data displayed in Fig. 3, there
may be two thermal quenching processes for the Mn-orange
emission: a slow one during the temperature range from 10
to 90 K and a fast one for the temperatures above 90 K.
Therefore, the variation of the intensity of the Mn-orange
emission with temperature could be fitted using the follow-
fng equation:

lo
~1+a,exp(—E; /kgT)+a,exp —E,/kgT)

(M) @

NCs becomes unresolved when the temperature is abovg,, thermal activation energies &,=7+2 meV, E,=58

around 220 K.

It is worth mentioning that the major emission band of
the Mn-doped ZnS NCs has a different quenching rate from
those of the Eu-and Cu-doped ZnS NCs. For example, wheg, .itation from the 325 nm laser is *

+15meV are obtained from the least-squares fitting to the
experimental data.

For the Mn-orange emission in ZnS NCs, the optical
nondirect.” In other

the temperature is increased from 10 K to room temperaturgyq s element excitations are excited in the ZnS host by the

the intensity of Mn-orange emission drops to only 20% of its

photons, and then parts of them transfer to the Mn ions,

maximum value at 10 K. However, the intensity of Cu-blueéy e by a radiative recombination around the Mn ions.
and Eu-green emissions decreases to 33 and 40% of thej,is means that two thermal quenching channels may exist
maxima at 10 K, respectively. The integrated intensity of the the Mn-orange emission. The thermal quenching process
Mn-orange, Eu-green, and Cu-blue emissions are shown i an activation energy of 58 meV is likely related to the
Fig. 3 as a function of temperature. For the Eu- and Cug,itons thermal dissociation in ZnS host since the thermal
doped ZnS NCs, the temperature dependence of the intensify.i,ation energy of 58 meV is very close to the binding

of the major emission bands can be well described by a the%nergy of excitons in ZnS:Mn nanopartick&9 me\).2! The

mal quenching theofy other with much smaller thermal activation energy of 7 meV
may be associated with the Mn ions themselves, for instance,
the thermal desorption of excitons from the Mn ions. We also
note that the thermal activation energy of the Eu-green emis-
sion band is only 16 meV. It may be due to the fact that the
4f%5d excited state of the Ed ion is very close to the
conduction band edge of ZnS hdStBesides causing the
small thermal activation energy, the strong interaction be-
tween, EG" ion and ZnS host may be responsible for the
unusual pressure behavior of the Eu-green emission band,
which will be discussed in detail later. In the Cu-doped NCs,
the photo-generated electrons in the conduction band of ZnS
host can recombine directly with the holes on thatates of
CWw" ions, which produces the Cu-blue emission band.
Therefore, the quenching of the Cu-blue emission may result
from the thermal escape of the holestinlevels of Cd*

ions.

The temperature dependence of the peak energies of the
emission bands in the three samples is displayed in Fig. 4.
The peak energies were obtained from least-square fitting to
the measured PL spectra using two Gaussian line profiles
When the spectrum consists of two overlapping emission
e% . . .

ands, as shown in Fig. 1. It can be seen from Fig. 4 that the
peak positions of the intraion emissions such as the Mn-

Cu-blue ~

O

Mn-orange

—

INTENSITY (arb.units)

0.02

0.04 I 0.06 0.08 I
1UTK")

1 I 1
0.00 0.10

FIG. 3. Temperature dependence of the integrated intensity for the emissi
bands from ZnS:Mn, ZnS:Eu, and ZnS:Cu nanocrystals. The cure-fit lin
through Eu-green and Cu-blue were obtained using(Eq.The solid line
through Mn-orange is the fitting results using Eg).
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FIG. 4. The peak energies for the emission bands in three samples vs tem-
perature. The dotted line is the temperature dependence for the band gap of

bulk ZnS, which is shifted vertically by 1.07 eV for comparison. spectrum(dashed ling of the diamond shown in Fig.(5). It
should be noted that the only the Eu-green emission band

o L an be observed in ZnS:Eu loaded inside DAC, as shown in
orange emission and the Eu-green emission depend weakﬁl

on temperature, which is in agreement with those reported iﬂ'g' S(b). The blue emission, which can be observed as a

Ref. 18. Both blue bands in ZnS:Mn and ZnS:Eu samples |g.h(.ar energy shoulder in usual PL measurements, becomes
- T . invisible in the pressure-dependent PL experiment. It may be
exhibit a small redshift with increasing temperature. As for

o . he weaker excitation power in the pr rem re-
ZnS:Cu case, the Cu-blue emission shifts toward lower enqueengt e weaker excitation powe the pressure measure

ergy when the temperature increases. In contrast with the It is clear that the Mn-orande emission shifts to lower
Cu-blue band, the Cu-green emission shifts toward higher 9

L . ener ositions with increasing pressure while both the Eu-
energy with increasing temperature. The temperature depen- gy p gp

dence of the band gap of bulk ZA&which is shifted verti green and Cu-blue emission exhibit a blueshift. The shift of

. ; mission energies of various emission bands with pressure
cally by 1.07 eV for comparison, is also plotted as a dottede 9 S . . P
can be seen more clearly in Fig. 6 in which the pressure

line in Fig. 4. Obviously, the temperature dependence of the i |
peak position of the Cu-blue emission does not follow that Opependence of the peak energy for the Mn-orange, Eu-green,

the band gap of bulk ZnS exactly. Compared with the band’7md Cu-bluk(]e em|s|5|or;sr:s Idrawn. The S?.“q lines r']n Fig. 6.
gap of bulk ZnS, the redshift of the Cu-blue emission with represent the result of the least-squares fitting to the experi-

. o mental in linear relation
temperature is smaller. It implies that the temperature depen—e tal data using a linear relatio

dence of the, level of the C@" ions is very different from E(P)=Ey+aP, (4)

that of the valence band since the Cu-blue emission is due to

the transition from the conduction band edge of ZnS host tavhere« is the pressure coefficienk, represents the emis-

thet, state of the Cti" ions. Unlike the valence band of ZnS sion energy aP=0 GPa. The obtained pressure coefficients

host, thet, state likely moves to a lower energy position in for the main emission bands in the Mn-, Eu-, and Cu-doped

the band gap with increasing temperature. The observednS NCs are—26+5, 232, and 623 meV/GPa, respec-

blueshift of the Cu-green emission, which is supposed to bévely.

a transition from a defect level of ZnS host to thestates of The pressure coefficient of Mh emission (the Mn-

CW" ions, also supports the above suggestion if the variaorange emission in the present wpik ZnS:Mn can be cal-

tion with temperature of the defect level is smaller than thatculated by using the crystal field thedryAccording to the

of the conduction band due to its localized character. theory, the energy level of Ml ions in ZnS:Mn can be

expressed as a function of the crystal field param@tgand

the Racah parameteBsandC. Therefore, the pressure coef-

ficient of the peak energy of the orange emissi@idP can
Figure 5 depicts the normalized PL spectra of Mn-, Eu-,be expressed as a function @D g/dP anddB/dP, assum-

and Cu-doped ZnS NCs measured at room temperature asrgy that the Racah parameter ra@éB is independent on the

function of pressure. The dip superimposed on the PL spectiaressuré?

of ZnS:Cu under the pressure value above 4.0 GPa comes dE db 1 dB

from the absorption by a defect state of the front diamond _ q +(Ey—Dqd) = -, 5)

B. Pressure dependence

equipped in the DAC. It can be confirmed by the absorption d dP
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T T T acceptor transition is similar to that of the band gap in
generaf® Our results support such a conclusion in literature
and also indicate that thg level of the CE" ions behaves
like a shallow acceptor level under the condition of pressure
externally applied, although it comes from tldeelectron
state of the Cu ions. According to the deformation calcula-
tion, the valence band edge of bulk ZnS has a blueshift as the
pressure increasés.0n the other hand, the crystal field

i i theory predicts that externally applied pressure will raise the

Eu-green t, level of Ci" ions in energy. In the cubic crystal field, the
M d electron state of the Gii ion splits into two levels, i.e.,
triply degenerate state, and doubly degenerate stagg.

i i Thet, is higher than the original-level by 4Dg, and thee,
lower by 6Dq. The distance of Cu-S is shortened by the
pressure and then the value Bfy will increase. Therefore,
the t, level of C/* ions has a blueshift with increasing
Mn-orange ] pressure. If the pressure-induced blueshifts of the valence

band edge and thig state are the same, the pressure coeffi-
20} W 7 cients for the Cu-blue emission and ZnS band gap should be
I ] the same too. Indeed, our pressure experiment demonstrates

L L L this point. It is worth indicating that the temperature depen-
dence of the peak energy for the Cu-blue emission seems not
PRESSURE(GPa) to support the conclusion. In contrast with the pressure-

FIG. 6. Pressure dependence of the peak energies of three characterisggpendent experiment, the temperature-dependent Experi-

emissions for ZnS:Mn, ZnS:Eu, and ZnS:Cu nanocrystals. The solid linedN€Nt suggests that the variation of thdevel with tempera-
are the least-squares fitting curves to the data. ture does not follow that of the valence band edge. The

origin for the disagreement between these two behaviors is

unknown yet.
where 6=d(E/B)/d(Dq/B) is the slope of the curv&/B The ground state of the free Elion is Sy, with 4f7
versusDq/B at the value oDq/B derived from the corre- configuration, and its lowest lying excited configuration is
sponding transitiof T, to ®A, in the Sugano—Tanabe dia- 4f°5d*. For the E&" ion incorporated in ZnS host, the
gram. The value off=—10 for the M?* ions is adopted 4f°5d" excited state splits int&E, and T,4 states by the
here. In a point ion model, thBq is proportional toR™5, crystal field of the host. The Eu-green emission observed in
whereR represents the distance between the impurity ion anéhe prseselnt work i§ attributed to the Euintraion transition
surrounding sulphur ioré ThereforedDg/dP can be ex- Of 4f°5d7(Tyg)-4f". The change of the crystal field sur-

28

g
o

ENERGY(eV)
N
-

22 E

pressed as rounding the E&" under action of the external pressure is
responsible to the pressure-induced shift of the Eu-green
dbg_5 kDg (6)  emission. The dependence of thE®Bd*(T,4)-4f transition
dP 3 ’ energy on the crystal field strengihg is described a8
wherek=—1NVdV/dP=1.27<10"?GPa ' (Ref. 23 is the E;4=3.3-0.41X (10DqQ). )

volume compressibility of ZnS, is the PL peak energy of
the Mn-orange emission &=0 GPa. The parameters Dig From the crystal field theory, when an external pressure is
andB vary from 512 to 519 cm! and from 490 to 520 cmt  applied, the increase of the crystal field strength is expected
for 3—10 nm sized ZnS:Mn NC8, respectively. The calcu- because of the compression in bond length. Therefore, the
lated pressure coefficient of the Mn-orange emission fromtf®5d*(T,,)-4f" transition of EG" in ZnS host should
Eq. (5) is about—30 meV/GPa, which agrees well with the have a redshift with increasing pressure according to(8q.
experimental valu¢—26+5 meV/GPa. In other words, a negative pressure coefficient of the
For the Cu-doped ZnS NC, the Cu-blue emission origi-4f®5d*(T,4)-4f transition of EG" in ZnS host is expected
nates from the transition from the conduction band of ZnSby the crystal field theory. In fact, it has been experimentally
host to thet, level of Ci#* ions. The experimental value of observed by people in several types of Eu-doped bulk mate-
the pressure coefficient is 68 meV/GPa, which is very rials such as CaS:Eu and BaBEu.21*? However, the pres-
close to that of the band gap of bulk Zn63.5 meV/GPa sure coefficient of the Eu-green emission measured in the
(Ref. 27]. It indicates that the variation of thig energy level  present work is about 20 meV/GPa, which is in contrast to
with pressure follows the valence band edge of ZnS host ithe predication by the crystal field theory.
we assume that the pressure coefficient of the ZnS nanopar- In bulk ZnS:Eu, theT,, state is located about 0.35 eV
ticles is equal to that of the bulk ZnS. In other words, theabove the edge of conduction band of the host. Therefore, no
energy difference between thglevel and the valence band intraiond-f transition was observeld.However, in ZnS:Eu
edge of ZnS host is pressure independent. It has been deC, the situation may be quite different. The conduction
onstrated that the pressure behavior of the band to a shalloband edge of ZnS host definitely goes up in energy due to the
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