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Observed structural, compositional, and optical differences between blue- and green-emitting
SrS:Cu thin films deposited by the atomic layer deposition technique were studied. The use of
hydrogen in the deposition process resulted in green-emitting electroluminescent devices. The
green-emitting devices had also the highest potas$iintontent, but the exact role of K was not
resolved. The green emission is thought to originate from copper pairs and isolated off-centered
copper ions at octahedral sites, whereas blue emission is suggested to originate from copper ions at
tetrahedral interstitial sites. The brightest blue-emitting device, measured at 60 Hz, emitted 47 cd/m
at 40 V above the threshold voltage ,0) with x=0.17 andy=0.30 as the Commission
Internationale de I'Eclairage color coordinates. Conversely, the brightest green-emitting device
emitted 44 cd/rh with x=0.33 andy=0.58. The blue- and green-emitting devices also showed
different time-resolved electroluminescence behavior, which suggests reduced dynamic space
charge within the green-emitting phosphors resulting in the higher emission intensity in the
green-emitting devices. @003 American Institute of Physic§DOI: 10.1063/1.1603349

I. INTRODUCTION oxygen in the films, as well as both enhanced crystallinity
and better stoichiometf/'*2However, a preliminary ALD

A lack of deep and bright blue emission has been a mastudy showed that a supply of hydrogen during the SrS:Cu
jor obstacle for the commercialization of full color alternat- ALD process resulted in green emissignBoth blue and
ing current thin-film electroluminescent devices. The phosgreen emission from the SrS:Cu films has also been observed
phor candidates SrS:Cu and BaB|:Eu have been earlier but the exact reasons for the different emission colors
considered as the best sources of blue emission in flat panglere not knowr?:®*4In this study, blue-emitting SrS:Cu thin
displayst? The europium-doped Bag$, thin fims have films were deposited by a standard nonhydrogen ALD pro-
been deposited only by an electron-beam evapordE®E) cess, while green-emitting SrS:Cu thin films were grown us-
method. Since then, atomic layer depositi@LD, earlier  ing a hydrogen supply during the ALD process. The samples
named atomic layer epitaxy chemical vapor deposition were characterized using atomic force microscopfM),
(CVD),* EBE,? hot wall depositiorf molecular-beam epitaxy scanning electron microscop§8EM), secondary ion mass
(MBE),’ pulsed laser depositichreactive evaporatiohand  spectroscopy(SIMS), time-of-flight elastic recoil detection
sputtering® have also been used for the deposition of the(TOF-ERD), x-ray diffraction (XRD), and electrical, elec-
SrS:Cu thin films. troluminescence(EL), and photoluminescencé’L) mea-

Earlier studies have shown that the introduction of hy-surements to study the differences between blue- and green-
drogen during EBE, CVD, and sputtering processes can reamitting SrS:Cu thin films, and propose reasons for the
sult in improved emission intensity in SrS:Ce,Eu, SrS:Cudifferent emission colors.
and CaS:Eu phosphors, respectivety!? It was suggested

that the underlying reasons included a decreased amount of
Il. EXPERIMENTS

3Electronic mail: jarkko.ihanus@helsinki.fi Insulators. and phosphprs were deposited Flsmg ALD.

bpresent address: Elcoteq Network Corporation, P.O. Box 8, FIN-026311 Ne .underlylng EL deV'_Ce structure consisted of a
Espoo, Finland. Corning1737 glass/ITO/ATi,O,/SrS:Cu/AbO5 /Al stack.
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The deposition temperature of the phosphor was 300 °C. | Pt TRy T 1 X
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The precursors Sr(thd) (thd=2,2,6,6-tetramethyl-3,5-
heptanedionato), Cu(thg) and HS were used as the Sr,
Cu, and S sources, respectively, Was used as a carrier and g
purging gas. The samples were annealed at 725 °C for about
7 h before analyses. The upper insulator was deposited afterg
annealing. However, the samples that underwent AFM, SEM,
SIMS, TOF-ERD, and XRD analysis were not covered with =
an upper insulator. The green-emitting devices were depos-
ited in the same way as the blue-emitting devices except that
a gas mixture of Mand H, (92% N, and 8% H) was pulsed

into the reactor during SrS:Cu deposition. The gas mixture
was fed into the reactor via a separate source tube and the
hydrogen content in the total gaseous flow was 3%. In gen-
eral, hydrogen was pulsed in every ALD cycle during the
deposition of the green-emitting samples. When supplied af-
ter the Sr(thd) and Cu(thd) pulses, hydrogen was pulsed A
after the purging pulses of the Sr and Cu sources. When 0 0 20um

supplied after the k5 pulse, hydrogen was pulsed before theFIG 1. (3 SEM i the bl " e with 011 &t % Cu and
. _ e . . . L (a Image o e Dlue-emitting sample wi . at. % Cu an
purging pU|Se of BS. The blue emitting devices in this a luminancel 4, of 7 cd/nf. (b) 10X 10 um top view AFM image of the

study were categorized as samples with0.2 andy=0.3as  pjue-emitting sample with 0.15 at. % Cu and a luminahggof 17 cd/nf.
the Commission Internationale de I'Eclairage 1931 color co-(c) SEM image of the green-emitting sample with 0.14 at. % Cu and a

ordinates, whereas the green-emitting devices were with luminanceLyo of 19 cd/ni. (d) 2020 um top view AFM image of the
~0.3 andy=0.6 green-emitting sample with 0.22 at. % Cu and a luminanggof 44 cd/n?.

) ] o Cu contents were calculated using a TOF-ERD analysis.
Film thicknesses were evaluated by fitting reflectance

spectra. The spectra were measured in the wavelength region

qf 400-1100 nm. Corresponding thicknesseslof the SrS:Cy 600 mm (50% gaté. Charge neutralization was accom-

films were between 720 aqd 959 nm depe.m_jlng on Samp'ﬁlished utilizing a 2.0 keV electron beam.

type and measurement point. Film crystallinity was exam-  p| measurements were performed using an argon-ion

ined with XRD using CiK a radiation and Ni filter(Philips  |aser(Spectra-Physics, Mountain View, CA, BeamLok 2085

MPD 1880, Eindhoven, The NetherlandSEM investiga-  with 275 nm single line optics. The laser power was reduced

tions of the film surface morphology employed a Zeisstg an appropriate level by using a set of neutral density filters

(Oberkochen, GermanyDSM 940 microscope using a 20 to avoid local heating. Typical excitation intensities were be-

keV primary electron beam. AFM measurements were cartween 50 mW/crhand 50 W/cri. The PL signal was then

ried out in air in contact mod€ThermoMicroscopes Auto- dispersed by a monochromat®pex 1000M, Edison, NJ

Probe CP Research, Sunnyvale, )CARRoot-mean-square and detected by a thermoelectrically cooled GaAs photomul-

(rms) roughness values were determined from AFM imagesiplier tube operating in the photon counting mode. For PL

using the software of the microscope. excitation (PLE) measurements, a 450 W Xe lamp coupled
The elemental depth profiles of the films were deter-with a small monochromatofSpex 1681, Edison, NJdvas

mined with a TOF-ERD analysis using a beam of 53 MeVused as a tunable excitation source. Time-resolved PL mea-

12710+ jons obtained from an EGP-10-Il tandem surements were performed by using an optical parametric

acceleratot® The recoiled atoms were detected at an angleoscillator (Spectra-Physics MOPO 730J1@umped by a

of 40° and the sample was tilted 20° relative to the beanfrequency-tripled Nd:YAG lase{Spectra-Physics GCR 230-

direction. In TOF-ERD analysis, both the velocity and en-10), which is tunable from 220 nm to 1,8m and has a pulse

ergy of the recoils are measured and, therefore, differenwidth of approximately 8.5 ns. The samples were mounted in

masses can be separated and elemental energy spectra aiemperature variable cryostat where the temperature can be

tained. These energy spectra are converted to depth profilé§ntrolled from 10 K to 300 K.

on the basis of the measurement geometry, elastic scattering Fresh EL devices were aged for 20 h at 500 Hz near a

Ccross SectionS, and Stopping powers. The reported e|emenm|re5h0|d VOItage before E|eCtr0'0pticaI measurements that

contents were always integrated from the middle of the sulwere made at 60 Hz using a trapezoidal wave form. The

fide films to minimize the influence of the oxide layers abovethreshold voltage was defined to be a point where the device

and below. The compositional characteristics of the sample@Mitted 1 cd/ri EL spectra were measured with a Photore-

were also analyzed by negative and positive ion dynamié€arch(Chatsworth, CAPR650 spectrometer.

SIMS. Dynamic SIMS was utilized to document dopant and

impurities levels and their distribution throughout the film. |j|. RESULTS

SIMS analysis was carried out on a Physical Electronics ) .

(Chanhassen, MNPHI 630, usig a 7 keV Of+ source A. Morphological and structural studies

with a current of 150 nA, on an analysis area of 600  Figure 1 shows selected AFM and SEM images of the
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blue- and green-emitting samples. In this respect, it seems
that grain size, Cu content, and EL intensity are all interre-
lated, although no direct correlation could be identified with
the emission color. This is in agreement with an MBE study
where blue-emitting SrS:Cu devices were studiddarge

grain size was explained to be necessary to permit the elec-
tric field to accelerate electrons to high energies before they
are scattered at grain boundaries, a necessary step given the
need for sufficient high-energy “hot” electrons to excite the
activators to achieve a high luminanc@he sample shown L L . L L L L
. . . . 350 400 450 500 550 600 650
in Fig. 1(d) seems to contain a continuous network of flat

areas (rms10nm) that are surrounded by grains having
heights exceeding 100 nm in many places. Unfortunately, itiG. 2. pL spectra of the deepest bliB) and green¢G) emitting samples
was difficult to analyze whether the flat areas are continuouseasured at room temperature and 10 K. Excitation wavelength was 275
or consist of several grains that are ovenrh in a diameter. M- The spectra are not in the same scale.

The main reason for the high luminance of this sample could

be attributed to the large grain size that is induced by th
high amount of copper. Similar cracking as in Figd)Lhas
also been observed by Poelmeinal,'” who used EBE as a
deposition method. The most probable reason for these a
other cracks seen in the course of this study is the annealing
at high temperatures.

XRD measurements showed reflections only from th
(111) and(222) crystal planes of the cubic SrS. Full width at Figure 2 shows PL spectra of the deepest blue- and
half maximum values of th€111) diffraction peaks were green-emitting samples at room temperature and 10 K. The
0.11° or 0.12° indicating that most of the crystallites wereblue-emitting sample has a blue emission-at80 nm and a
quite large in all the samples studied. green emission at-525 nm at 300 and 10 K, respectively.

Alternatively, the green-emitting sample has a green emis-
sion at~535 and 545 nm at 300 and 10 K, respectively. The
B. Impurity analysis broad shape of the spectra suggests that they probably con-

SIMS results showed that the concentration of K WasSiSt of tWC,’ or more peaks. The blue emission part Of, the
higher in the green- than blue-emitting samples, while the’PECrum is quenched at 10 K and can hardly be seen in the

blue-emitting samples contained slightly more Cl than theSPECtrum of the green-emitting sample even at room tem-
green-emitting samples. When the blue- and green-emittinBerature' The excitation spectra of these samples were mea-

samples were examined separately, the higher amount of N&Ted at 10 K-and are shown in Fig. 3. The blue-emitting
and the lower amounts of C and O seemed to correlate wefi@MPI&(green at 10 Khas a host excitation of SrS at 265 nm
with the higher EL intensity. and a direct excitation of Cuat 280 and 310 nm, whereas

Impurities in the interior of the sulfide films were ana- the green-emitting sample has peaks at 265, 310, and 360

lyzed by TOF-ERDA. The results showed that the C, H, and"™ The peak at 360 nm is probably an indication of"Cu

O concentrations were, respectively, 0.1-0.2 at. %, 0.2_0 Rairs?° The decay profiles in these samples are shown in Fig.

at. %, and 0.2—0.7 at. % without any correlation to the emis#- The fast component in the decay curve of the blue-

sion color. A low amount of oxygen in the blue-emitting emitting sample is almost invisible, while the decay time of

samples seemed to correlate well with the high EL intensity!® SIow component is-190 us. Alternatively, the decay

as supported also by the TOF-ERD analysis. This finding
could not be verified with the green-emitting samples be-
cause some green-emitting samples were protected by an
Al,O; layer, which can induce interference signals in the
TOF-ERD measurements and increase the value of the mea-
sured oxygen conteff. Traces of K were detected in some
green-emitting samples also by TOF-ERD but the K signal
was so low that the K content could not be determined reli-
ably. In other words, the concentration of K was well below G

0.1 at. %. The strong signal from S shadowed a possible ClI M
signal, and Na was not detected. In the earlier ALD studies, T
SrS films have been protected with a passivation layer before 220 240 260 230 300 320 340 360 380 400
any impurity analysis because unprotected SrS reacts with Wavelength (nm)

air, resulting in_a h_igh concentration of impuriti€s-°In this FIG. 3. PLE spectra of the deepest blu@) and green-(G) emitting
work, the passivation layer was not used, and the amounts @ mples measured at 10 K. Emission wavelengths of 52%Bjrand 546
C, H, and O were, thereby, the maximum values. Howeverym (G) were monitored.

Intensity (a.u.)

Wavelength (nm)

he low levels of impurities in this study indicated that the
high-temperature annealing has passivated the surface of the
SrS films quite well and the main sources for the impurities
rWrere believed to be Sr and Cu precursors.

eC. Photoluminescence and decay time measurements

Intensity (a.u.)
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tion peak at 360 nm, along with the very fast decay of the
green-emitting sample shown in Figs. 3 and 4 may indicate
that the amount of copper pairs is relatively high in this
particular sample. As the PL results of this study are com-
pared to those from an earlier ALD study on SrS:Cu fifins,
the only distinct difference is that the green-emitting samples
in this study have a peak at 360 nm in their excitation spec-
tra. On the other hand, the only difference between the depo-
B . . sition conditions was the use of,Hbulsing during the depo-
0 50 100 150 200 250 sition of the green-emitting samples in this work, which
Time (us) could imply that the H pulsing enhanced the formation of
copper pairdcf. Sec. V).

Intensity (normalized)

FIG. 4. PL decay curves of the deepest bl(} and green{G) emitting
samples measured at 10 K. Emission wavelengths of 52%Bjnand 545

nm (G) were monitored. .
D. Electro-optical measurements

Table | shows the electro-optical data of selected blue-
curve of the green-emitting sample can be fitted to fast andnd green-emitting devices after aging. It can be seen that the
slow components with decay times efL0 us and~40 us,  green-emitting devices are more efficient, have higher lumi-
respectively. nance, and transfer less charge than the blue-emitting de-

In general, all of the samples emitted green light at 10 Kvices. When the blue- and green-emitting devices are com-
Also, the excitation spectra of different samples were otherpared separately, the luminance seems to depend on Cu
wise similar, except for the green-emitting samples exhibit-content and grain size but not on film thicknést Sec. A.
ing a peak at~-360 nm. The green emission in SrS:Cu films The latter only affected the threshold voltage of the devices.
and powders at low temperatures is well studi€d®?*but  In the earlier studies, maximum luminances were achieved
the exact reason for the different emission color at differentvith higher Cu concentrations than those used in this study.
temperatures has not yet been resolvefd Sec. IV). How-  Nevertheless, it is probable that the luminance of the blue-
ever, the higher peak intensity at 310 nm than at 280 nm irmitting samples would saturate to lower values than the
the excitation spectrum, i.e., tHAlg—>1Eg transition exhib-  luminance of the green-emitting samples because the best
iting a higher intensity than tthlg—>1T2g transition, sug- green-emitting devices have been brighter than the best blue-
gests that the ground-state isolated"Cion is at the off- emitting devices even in the earlier studte$.
centered octahedral sité? The excitation peak at 360 nm Transient luminancg L(t)] analysis showed a strong
has not always been seen in the other studies of greeftrailing edge emissiofTEE) in the blue-emitting samples
emitting samples, which implies that there are probably othebut a quite weak TEE in the green-emitting samples, as
reasons for the green emission than just Cu pairs. shown in Fig. 5. In literature, the existence of the TEE has

Decay curves of all the samples could be subdivided intdeen considered as an indication of dynamic space-charge
fast and slow components. The decay times for the slowWormation and impact ionization mechanism within the
component were between 130 and 186, except for the phosphof* The double-peak nature of the TEE was found
green-emitting sample shown in Fig. 4. Typically, it has beeronly in the blue-emitting devices. However, it is difficult to
thought that a high dopant content, small grain size, lowsay if the both peaks are present also in the green-emitting
symmetry, increased defect density, and high amount of dopdevices because of their overall low TEE. In the recent study
ant pairs/agglomerates decreases the decay?firhe.this  of SrS:Cu, Ag by Singlet al.? it was suggested that the first
study, smaller grain size seemed to lower the decay time foand second peaks in the TEE are caused by the release of
both the blue- and green-emitting samples. In addition, thelectrons from the bulk traps and shallow interface states,
green-emitting samples seemed to decay somewhat fastaspectively. These electrons recombine radiatively with the
than the blue-emitting samples. This behavior can be relatedearby ionized activators as the voltage dropshe smaller
to the lower symmetry and higher concentration of pairsfraction of TEE in the green-emitting devices suggests that
within the green-emitting samples. The pronounced excitathe amount of the dynamic space charge was lower as com-

TABLE |. Electro-optical data of the selected devices. The data were measured at 60 Hz after aging. The
threshold voltage Yy,) is defined by emission of 1 cdAnLuminance [,o), transferred chargeQyy), and
efficiency (r40) were measured at 40 V above threshold.

Color coordinates

Uinr L4o Qa0 140 EL peak wavelength
Emission (V) (cd/in) (uClem?) (Im/w) (x,y) (nm)
Blue 137 7 14 0.08 0.15 0.25 468
Blue 107 17 1.6 0.21 0.17 0.30 484
Green 133 19 13 0.25 0.29 0.58 540
Green 124 44 1 0.79 0.33 0.58 552
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200 study, have shown that the CuS phase can be deposited only
below 225°C, while CuS was obtained at higher
temperature$®2°This finding, together with the PL analysis,
suggest that copper ions in the SrS are mainly in the oxida-
tion state+1, which results in a charge mismatch that is
compensated by defects like impurities and/or vacancies. In
the study by Wruclet al.® the existence of Sr vacancies was
proposed, but formation of S vacancies is believed to be
more probablé:=° It has been suggested that a'Cien with
an adjacent S vacancy emits green light, while blue emission
arises from a six-fold-coordinated Cusite®° This sugges-
tion was studied by codoping SrS:Cu powder witi*Y
and/or N& and observing that the Nacodopant enhances
the green emission probably by increasing the number of S
150+ AL+ vacancies and five-fold-coordinated Cusites, whereas the
[ 4 Y3* codopant balances the charge mismatch and enhances
100_{ the blue emission probably by decreasing the concentration
of S vacancies and five-fold-coordinated ‘Csites® It was
suggested that the same behavior could also apply to other
50-+ J M* and M®* codopants® On the other hand, chlorine dop-

150+

t
100+

Intensity (a.u.)

200

Intensity (a.u.)

AL ing has also been found to enhance blue emisSiamd it

, has been suggested thatgQleduces the number of S
150 200 250 vacancies. However, if the Cu—V complexes are the main
Time (ps) reason for the green emission, the six-fold-coordinated blue-
emitting Cu" sites should turn to five-fold-coordinated, be
nonradiative, or transfer energy to the five-fold-coordinated
sites at low temperatures.

As an alternative explanation for the blue emission at
pared to the blue-emitting devices, and could thus be theoom temperature, both It al® and later Wruclet al? pro-
primary reason for the higher luminance of the green{posed a model where an interstitial copper )Cue., Cu at
emitting devices? The L(t) analysis showed also that the a tetrahedral hole that is surrounded by four sulfur atoms, is
polarity dependence of the emission was more pronounced iifie blue-emitting center. Wruakt al® suggested that at high
the blue- than in the green-emitting deviogdg. 5. This  temperatures, Gus close to a nearby Gy, thereby balanc-
observation may indicate that in the green-emitting samplesng the charge mismatch. They also proposed thag, Cu
the Cu ions are more evenly spread close to the interfacezshould be optically inactive because of inversion symmetry.
and/or that in the blue-emitting devices, the electron suppi\However, Cyd, is most probably off centered and radiative
is different at the two interface$:?’ transition is hence allowet£®?>*Li et al® suggested that

isolated Cuis possible because of the small ionic size of the
Cu' ion. It was noted that the copper ion should experience
V. DISCUSSION less ligand field splitting at the tetrahedral than at the octa-

Blue and green emission in SrS:Cu films and powderdedral site and, consequently, the lowest excitation state, i.e.,
has been reported numerous times in literature. While théhe emitting state, may be at higher energy.
emission color has always been green at lower temperatures, Reduced coordination and symmetry lowering are often
both blue and green emission has existed at room tempergiought to shift the emission spectrum to longer wavelengths
ture. However, there are discrepancies concerning the exaand it is noted here that the symmetry of off-centered,Cu
nature of the emission centers. Recently, Wretlal® pro-  (C3, or C,,)?>%2is lower than that of tetrahedral C(iTy).
posed that at low temperatures practically all'Gons are  In Li et al’s model® charge neutrality is probably balanced
paired around a Sr vacancy and the pairs are the reason fby S vacancies. On the other hand, if the S vacancy is a
the green emission at low temperatures. On the other handpncomitant consequence of Cudoping, then all copper
both Yamashitaet al?® and Li et al®> have suggested that ions may have a ¥nearby and the charge neutrality in the
both isolated and paired/aggregated Gans can emit green lattice could be achieved by the Sr vacancy, i.e.,2¥Vg,
color. Based on their own and earlier Gdoped alkaline for 2 Cu". In that case, there would also be more space in
halide’? PL studies, they proposed that the isolated greenthe lattice for the diffusion of copper and other impurities
emitting Cu" ion is off centered at low temperatures, which into different lattice positions, thus resulting in different
is supported also by the PL measurements in this study. emission colors. Increasing amount of vacancies would re-

The oxidation state-2 is very common in copper com- duce symmetry around the copper ion even further, but the
pounds. It is therefore possible that the?’Cloxidation state  symmetry could still be higher at the tetrahedral than at the
is also present in this study. Earlier ALD studies on,&u off-centered octahedral site. On the other hand, it has also
depositions, using the same Luprecursor than in this been suggested that the charge compensation mechanism can

+ 1
0 50 100

FIG. 5. Time-resolved EL of the brightest blu@®) and green{G) emitting
devices.
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be long range in nature, and the S vacancy is not necessaritf the films, thereby increasing the luminarfdé:*?In this
forming a complex with coppéf In that case, the S vacan- study, these types of effects were not seen, but the hydrogen
cies would not change symmetry around the copper. pulsing resulted in green emission. This behavior could mean
Electro-optical analyses indicated different electrical bethat hydrogen has enhanced formation of copper pairs,
havior for devices emitting different colors. The green-pushed Cu ions into the sites where they emit green light,
emitting devices transported less charge across the phosphand/or modified the local environment around Cu in such a
were more efficient, and seemed to have less dynamic spaweay that the emission turned to green. On the other hand, the
charge within the phosphor than the blue-emitting devicesuse of alkali metal coactivators resulted in the green emis-
These findings have been also been shown earlier by Kefion in the earlier studiééand the presence of potassium
et all* Creation of the dynamic space charge has been aseemed to correlate with the green emission also in this
cribed to the impact ionization mechanisft* The dynamic ~ study. The green emission was also occasionally obtained in
space charge makes electron back injection possible, and tiearlier ALD experiments without use of hydrogen. One pos-
back-injected electrons can recombine with the ionized lumisible source of potassium in the ALD process can be
nescent centers resulting in a TEEhat has been low in the Sr(thd), which is used as a Sr precursor because its synthesis
green-emitting devices in this work. In the studies of SrS:Cgnay result in volatile potassium compounds as impurities. In
devices, it has been suggested that the probability of electraihis study, however, the green emission was obtained only
delocalization, i.e., ionization of Ce, is higher for Ce ions atwith hydrogen pulsing, which may indicate that hydrogen
lower symmetry/distorted sites than at the octahedrahas enhanced the inclusion of potassium into the films. The
sites35%6 role of potassium in the films is not clear, but it may have
Furthermore, it was proposed that at distorted sites, th&erved as a flux to facilitate the formation of Cu pairs, and/or
excited levels of Ce may locate closer to the bottom of thdt may have modified the local environment of Cu in such a
conduction band, which makes ionization eadtef’ How-  way that it emitted the green light.
ever, in this work, the blue-emitting centers seem to ionize
more easily than the green-emitting centers, because the TEE
was high in the blue-emitting devices, even though at the
blue-emitting sites the symmetry should be higher and disyy coNCLUSIONS
tortion smaller than at the green-emitting sites. This gives an
opportunity to speculate that the ionization of Cu in the SIS EL intensity of the SrS:Cu thin films was found to de-
is more efficient at the tetrahedral than in the off-centereghend on copper concentration and grain size. SIMS results
octahedral site, assuming that the tetrahedral Suthe blue-  showed that samples with higher chlorine content were blue
emitting center. It is also be noted that the large ion size obmitting, whereas the samples with higher potassium content
the Cé" ion probably always confines it to an octahedralwere green emitting. Pulsing of Hiuring the ALD growth
site, which may be the reason for the small variation in elecof SrS:Cu resulted in green-emitting devices, and it was sug-
trical properties between the different SrS:Ce samples. Bgested that hydrogen pulsing enhanced the deposition of po-
contrast, the possibility of Cuions locating at different lat- tassium into the films, thereby promoting green emission.
tice sites may be the reason for the large variation in electribifferent emission colors are thought to result from a differ-
cal properties between the different SrS:Cu samples. ent environment around the copper ions and it was suggested
In the earlier studies, it was shown that codoping carthat copper pairs and isolated Cions at the off-centered
result in a reduction of the space charge leading to largeoctahedral sites resulted in green emission. Conversely, iso-
phosphor field, and increased efficiency and lumindficé. lated Cu ions at the tetrahedral interstitial sites resulted in
On the other hand, this work found that the higher amount®lue emission. The blue- and green-emitting devices also
of Cl (Clg is a donoy and K (Kg, is an acceptgrseemed to  showed different time-resolved EL behavior, which sug-
correlate with the blue and green emission, respectivelygested reduced dynamic space charge within the green-
They may have caused modifications in electron injectioremitting phosphors, leading to higher emission intensity in
and/or transport properties and, thus, also in the dynamithe green-emitting devices.
space charge, even though their bulk concentrations were Earlier ALD experiments have resulted in green-emitting
quite low. It has also been suggested that the leading edd&'S:Cu devices without the use of hydrogen in the deposition
emission (LEE) of the SrS:Ce device originates from the process. One reason for poor reproducibility of blue emission
impact excitation mechanisfi.The low level of TEE in this could be the difficulty of controlling the amount and nature
work could thus indicate that an impact excitation mecha-of impurities during the synthesis of the metal precursors.
nism is dominant in the green-emitting SrS:Cu devicesThese impurities may result in the incorporation of potas-
However, in the SrS:Cu,Ag study, the LEE was thought tosium into the SrS:Cu films and thereby producing green
result from the impact ionization mechaniémA very de-  emitting devices. Overall, the local environment around cop-
tailed electrical characterization would be needed to verifyper is difficult to study, which makes any final conclusions
the possible existence of the impact excitation mechanism isoncerning the exact reasons for the different emission colors
the SrS:Cu. difficult to draw. The emission spectra are usually quite
Earlier studies on luminescent sulphide thin-film deposi-broad, and it is possible that both the blue- and green-
tions showed that the use of hydrogen decreased the amougmnitting centers coexist, with the final emission color de-
of oxygen, and enhanced the crystallinity and stoichiometrypending on the relative amounts of these centers.
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