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Cathodoluminescent properties at nanometer resolution through Z-contrast
scanning transmission electron microscopy
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We report the observation of porous structures in laser-ablation-deposi@dE thin films and

their correlation with luminescent properties by a combination of transmission electron microscopy
and Z-contrast scanning transmission electron microscopySTEM). Depending on growth
conditions, a large density of voids is incorporated into the films, which leads to a much increased
surface area. Cathodoluminescence imaging in the STEM directly seaealnm“dead layer”
around each void, which is responsible for the observed reduction in luminescence efficiency.
© 2000 American Institute of PhysidsS0003-695000)05229-3

Rare earth-activated oxide-based phosphor thin films arand the electron diffraction patterns were recorded in a Phil-
promising candidates for high-resolution display devicesps EM-400 electron microscope operated at 100 kV.
such as cathode ray tubes, graphics, field emission displayscontrast imaging was conducted in VG HB603 STEM at
(FEDs, and thermomechanical devicks. However, thin- 300 kV**?while the CL imaging was conducted in a VG
film phosphors typically have a significantly reduced bright-HB501 STEM at 100 kV. The CL emission was collected by
ness compared to equivalent powder phosphor matérals. a lens system and detected by a photomultigfter.

Several possible explanations have been suggested for the The porous structure of YOE thin films was first demon-
lower brightness including internal reflection or channelingstrated by TEM images of plan view samples. For compari-
of the emitted light along transverse axes parallel to the surson, three TEM plan view samples of YOE thin films were
face instead of vertical emission from the surface, and th@repared at different substrate temperatures and laser pulse
small interaction volume between the incident beam and theates:(a): 735 °C, 10 Hz(b) 735 °C, 5 Hz(c) 775 °C, 10 Hz.
solid. In this letter, we show another factor to be crucial toAs shown in Fig. 1a), the sample prepared at 735 °C, 10 Hz
external radiative efficiency, the porosity of the films. Poros-shows a high density of pores at the edge of the sample, with
ity creates internal surface area, and the associated dead laydr average size of about 25 nm. When the pulse rate was
decreases the emission efficiency. The dead layer is directhpwered to 5 Hz, but the substrate temperature was kept at
observed by simultaneous cathodoluminescei@te imag- 735 °C, the pore size decreased to 17 nm, as shown in Fig.
ing and Z-contrast imaging in the scanning transmissionl(b). When the substrate temperature was increased to
electron microscop€STEM), and quantitatively accounts for 775 °C with 10 Hz pulse rate, the voids formed were much
the reduction of luminescent efficiency. smaller,~10 nm, as shown in Fig.(&). These observations

Eu-activated ¥Oj thin films with thickness of about 200 show that the porosity of the film decreases with higher sub-
nm were deposited of001) LaAlO; substrates by laser ab- Strate temperature and with lower laser pulse rate.
lation at different temperaturég35, and 775 °Cand differ- In order to check the distribution of the pores through
ent laser pulse frequencigs and 10 Hz%° A Lambda the film thickness, cross-section samples were examined. A
Physik 305! laser)X =248 nm, 7= 25ns) is used to irradiate Z-contrast STEM image of the sample grown at 775°C, 10
the Eu-doped YO, phosphor targetYOE), creating an ex- Hz is shown in Fig. 2. Figure(d) shows a large area dark
panding plume of atomic species. Detailed information aboutield Z-contrast STEM image in which both the substrate and
the deposition can be found elsewh&teCross-sectional the film can be seen. Above the substrate and through the
slices were obtained by cutting the sample alond 168] or film, some columnar structures and prolonged darker areas
[010] directions of YOE, and then gluing face to face. Both @ré clearly seen extending from the surface to the interface.
plan-view and cross-section specimens for transmission eledne brightness in th&-contrast STEM image depends on
tron microscopy(TEM) and/or STEM observations were bOth the atomic number and the sample thickness. At a spe-
prepared by mechanical grinding, polishing, and dimpling,C'f_'C thickness condltllon, the brlghtness will only be deter-
followed by Ar-ion milling using a E. A. Fichione lon Pol- mined byZ? (whereZ is the atomic numbey but for a con-

ishing System first at a voltage of 3.5 kV and an angle ofStantZ, the brightness will reflect the film thickness. So, in
12°, and finally at 1.0 kV and 10°. TEM bright field images OUr case, the darker regions imply that the pores are colum-
nar in nature. This is confirmed by the following two higher

magpnification images. In Fig.(B), two columnar pores are
seen. In the thinnest regidnear the top of the imagethey
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FIG. 1. Three plan-view TEM micrographs of®@;:Eu thin films prepared ~ FIC- 2. (8 Dark field Z-contrast STEM image of a cross-sectiopOg:Eu

at different deposition conditions, showing clearly the variation of void size Sample prepared by laser ablation at a substrate temperature of 775 °C and
with substrate temperature and deposition ré, 735°C, 10 Hz,(b) in fast deposmo_n modéLo Hz) show_mg the columnar nature of the pores.
735°C, 5 Hz,(c) 775 °C, 10 Hz. (b) and(c) are higher magnification images of the region(@n

pore (arrowed, while the track from the other intersects the reason for this correlation is expected to be the existence of a
sample surface. This contrast shows the pores to be columnéadead layer” near the specimen surface, resulting from non-
in nature, which is consistent with our previous TEM inves-radiative recombination of electron—hole pairs via surface
tigation showing the columnar structure to be formed duringstates->~1" Increasing the pore size would create more inter-
the laser ablation film growtt. In Fig. 2(c), we can see nal surfaces per unit volume, resulting in lower overall effi-
clearly the well ordered atomic structure around a pore. Irtiency.
agreement with our previous observatiSnye see that the Direct measurement of the dead layer at the surface of a
film is an almost perfect single crystal. pore has been achieved by comparing Zieontrast image
The porous structure has a dramatic effect on the extemwith the CL image obtained simultaneously. Figur&)4
nal radiative efficiency of the film. This is demonstrated byshows aZ-contrast image of a region of film containing some
measuring the efficiency of different samples prepared undeelatively widely spaced pores. The corresponding CL image
different deposition condition, and, therefore, containing dif-in Fig. 4(b) shows the variation in CL intensity. It is imme-
ferent pore sizes!**The photoluminescence efficiency cor- diately clear that the edges of the holes in the CL image are
relates directly with average pore size, as shown in Fig. 3much less sharp. Intensity profiles across the hole marked are

and we would expect the CL efficiency to be similar. Theshown in Figs. 4) and 4d). The width of the pore in the
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B e — nescent properties, i.e., increased roughness of the film will
= ~a - Galoulated without "Dead Layer* B increase the efficiency. Now, based on our TEM and
¥~ | o# -Calouatod with ‘Dead Laye Z-contrast STEM observations, we see that another critical
issue is the porosity of the films.

In summary, we have directly correlated the pore struc-
ture in laser ablation deposited YOE thin films with lumines-
cent efficiency. A high density of voids creates more internal
surface in the films per unit volume. The resulting increase in
the surface dead layer reduces external luminescence effi-

EE— O —— ciency. By simultaneoug-contrast and CL imaging, we
0 5 10 15 20 25 30
Average Pare Size (nm) have shown the extent of the dead layer to-H& nm, and

obtained quantitative agreement between the measured pore

FIG. 3. Relationship between the photoluminescence efficiency and the potgj;a and |uminescent efficiency. We suggest that in the

size, showing the decrease in efficiency with increasing pore size. Samples . f YOE d related 'h. fil . hould

are those shown in Fig. 1, with the addition of a film grown at 775 °C, 5 Hz, prepa_ratlon 0 o and re at.e t 'n 1ims, att_ent!on shou

which has the highest efficiency. Also shown are theoretical curves with andde paid to avoiding the formation of internal voids in order to

without the effect of the dead layer. increase the radiative efficiency.
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