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The Ag/Ca double layer, a candidate materia for a transparent cathode in top-emitting organic light emitting
diodes, becomes semitransparent upon exposure to air. It was found that the bottom Ca layer becomes a
Ca(OH), layer, and the top Ag layer becomes an Ag (35% Ca) layer. The origin of the higher transmittance
of the Ag/Ca double layer compared to the Ag single layer is explained as follows: The oxidation of the
Ca layer to Ca(OH), leads to compressive stress on the bottom layer and tensile stress on the top layer.
Due to the stress gradient, the unreacted Ca in the bottom layer is pushed into the top Ag layer to form
a Ag-Ca solid solution, reducing the conductivity in the top layer and increasing the transmittance of the
top layer. A high-transmittance and low-resistivity top electrode can be designed when the Ag layer is connected
continuoudly and it partialy covers the surface of the bottom layer.
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1. INTRODUCTION

Among flat pand display technologies, the liquid crysta
display (LCD) iscurrently the dominant technology dueto its
light weight, low power consumption, and ease of operation.
L CDs have drawbacks, however, related to their view angle,
response time, and brightness. The organic light-emitting
diode (OLED) display has the potentid to resolve these
issues with LCD-based displays. However, as OLED tech-
nology employs a current driving method for device
operation, active-matrix OLED needs additional thin-film
transstors (TFTSs) compared to LCD, resulting in a reduced
light-emitting area for each pixel. To increase the aperture
ratio, atop-emisson OLED that is unaffected by the number
of TFTs may meet the requirements. For this purpose, tech-
nologies related to a stable reflective anode, a transparent
cathode, and transparent encapsulation should be achieved.™

A proper cathode requires the use of metals with a low
work function in order to simplify the electron injection from
the metal to the organic LED. Such metals include Al, Mg,
Ca, Ag, Mg:Ag, and LiF: Al However, because metals
with a low work function are aways susceptible to atmo-
spheric oxidation, low-work-function metals with a protec-
tive layer or dloys with stable metals having a relatively
high work function are generally used for the cathode. Cais
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auitable for use with high electron injection due to its low
work function (2.9~3.0 eV), and Ag is suitable as a protec-
tive layer for the reactive Cadueto its high stability and ease
of deposition. From the Ag/Ca double layer, it was reported
that the electrode becomes semitransparent,™ and hence
this electrode has been applied to OLED devices as a top-
emission electrode.**”

Even though the Ag/Ca double layer has aready been
applied to OLED devices, the exact structure of the Ag/Ca
double layer is not completely understood. In this study, the
structure and optical properties of the Ag/Ca double layer
have been systematically studied, and an explanation of the
increased transmittance in the Ag/Ca double layer compared
to aAg single layer has been found.

2. EXPERIMENT

99.99% purity Ag and 99.5% purity Ca were obtained
from Kojima Chemicals Co. and Junsel Co., respectively.
Using these chemicals as evaporation sources, an Ag/Ca
double layer was deposited via vacuum thermal evaporation
a 4x10” torr with a deposition rate of 1 A/s onto a glass
substrate, a Si oxide wafer, or aSi wafer. Beforethe Ag layer
was deposited, the deposition was paused for approximately
10 min. As two tungsten boats were used, there was no
vacuum break between the Ca deposition and the Ag
deposition. The thickness of the film was controlled by a
quartz crystal monitor (QCM). The substrate was rotated



20 B. K. Kimet al.: Sructural Characterization of the Ag/Ca Transparent Electrode for Organic Light Emitting Diodes

during the deposition to improve the uniformity of the film.

A four-point probe was used to measure the resigtivity and
sheet resistance. A UV spectrometer was used to obtain the
optical transmission spectra in a wavelength of 380 to 780
nm. A scanning eectron microscope (SEM) was used to
examine the thickness and the surface morphology of the
deposited films. X-ray diffraction (XRD) using Cu Ko radi-
ation of A =1.5405 was used to characterize the phase and
crystal structure. It was operated at 40 kV and 100 mA at a
scan speed of 2.4°/min and an incident angle of 1.5°. A
depth profile by an Auger electron spectroscope (AES) was
utilized to investigate the compositiona variance and the
structure of the deposited films. A sample was prepared
using a focused ion beam microscope (FIM) and the crystal
structure and microstructure image of the film were anadyzed
using transmission e ectron microscopy (TEM).

3. RESULTS

Figure 1(a) shows the trangparency change of the Ca sin-
gle layer deposited onto a glass substrate. The Ca layer was
gray in the vacuum. When the thickness of the Ca layer was
less than 70 nm, it became transparent almost immediately
in air. In contrast, when the thickness was 70 nm or over, the
change from gray to transparency was relatively dow upon
exposure to air. Figure 1(b) shows the transparency of the
Ag/Cadoublelayer. Theinitia color was black and the layer
became semitransparent. When a single layer of Ag was
deposited, the Ag was opaque and the transparency did not
change.

Figure 2 shows SEM micrographs of (a8) Ag (10 nm), (b)
Ca (10 nm), and (c) Ag (10 nm)/Ca (10 nm) deposited onto a
glass subgtrate. On a glass substrate, the Ag film was not
well connected, as shown in Fig. 2(a), while a uniform and
continuous Ca film formed, as shown in Fig. 2(b). This sug-
gests that Cais highly adhesive on a glass substrate, while
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Fig. 1. Trangparency change over time of (a) aCasingle layer and (b)
aAg/Cadoublelayer.

Ag is not adhesive. When Ag was deposited on a Ca layer,
the Ag was continuous and uniform, as seen in Fig. 2c, sug-
gedting that Ag is adhesiveto Ca.

In Fig. 2(a), thewhite areais Ag meta and the dark areaiis
glass. The Ag area in the figure is shiny due to the high
reflectance of the Ag metal. The brightness of Cain Fig. 2(b)
islow dueto thelow reflectance of the Cametd. In Fig. 2(c),
despite the fact that the top layer is Ag, the brightnessislow
compared to that of Fig. 2(a), suggesting that an Ag/Ca dou-
ble layer has less reflectivity than a silver single layer. In
other words, the Ag/Ca double layer has higher transmit-
tance than the Ag single layer.

Figure 3 shows the spectroscopic response of the transmit-

Fig. 2. SEM micrographs of (a) Ag(10 nm)/glass, (b) Ca(10 nm)/
glass, and (c) Ag(10 nm)/Ca(10 nm)/glass.
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Fig. 3. The spectroscopic response of transmittance of (a) a Ag(20
nm)/Cadouble layer and (b) a Ag(10 nm)/Cadouble layer.

tance of the Ag/Cadouble layer. Two features are noticeable
in this figure. Firgt, the continuity of the Ag film affects the
shape of the spectroscopic transmittance. In Fig. 3(a), where
the 20-nm-thick single Ag layer on glass is a continuous
film, the transmittance monotonically decreases asthe wave-
length increases due to free-carrier scattering. In Fig. 3(b),
the 10-nm-thick single Ag layer on glass is not continuous
(also see Fig. 2(a), and the shape of the spectroscopic
responseisvery different. The transmittance dropsrapidly at
short wavelengths up to 450 nm and then dightly increases
as the wavelength increases. The reason for the increase in
transmittance is less free-carrier scattering, asthisis limited
by the geometrical confinement of the free carriers within
the Ag idands.

Second, in the Ag/Ca double layer, the transmittance is
lowered as the thickness of the Ca layer increases when the
Ag thickness is 20 nm (Fig. 2(a)). This is normal, because
the light absorption increases as the thickness of the materia
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Fig. 4. XRD patterns of (a) aAg(10 nm)/Ca(150 nm) double layer on
aglass subgtrate, (b) the as-deposited Ca on a TiN substrate and (C)
Caon aTiN substrate after annealing at 200°C in air.

increases. However, when the Ag thickness is 10 nm, the
transmittance isincressed as the Cathickness increases from
10to 30 nm (Fig. 2(b)). The transmittance with 50-nm-thick
Cais smilar to that with 30-nm-thick Ca.

Given that the Ag layers are continuous in both cases, the
increase in transmittance for a double layer with 10-nm-
thick Ag is an unexpected result: in generd, the transmit-
tance is smdler as the film thickness increases. It is an
intriguing question as to why the transmittance of the Ag (10
nm)/Ca double layer is higher than that of the Ag single
layer.™ This phenomenon is explained in a subsequent part
of this study.

Figure 4 shows XRD patterns of (a) an Ag/Cadouble layer
on a glass substrate exposed to air, (b) a Calayer on a TiN
substrate exposed to air, and (¢) aCalayer onaTiN substrate
after thermal annealing a 200°C in air or Ar. The thick-
nesses of the Ag and Caare 10 and 150 nm, respectively. For
the Ag/Ca double layer, the XRD peaks are identified as
those of Ag and Ca(OH),. For the Casinglelayer on TiN, the
peak is also identified as Ca(OH),."*¥ When the Caon TiN
isanneded in air or Ar, the Ca(OH), changes to Ca0. The
results of thisinvestigation indicate that Cametal is oxidized
to Ca(OH), in air due to moisture. If the Ag/Ca double layer
is exposed in amoisture-free air, it is very likely that the Ca
is oxidized to CaO, dthough the process is very dow
because the dissociation of O, requires more time compared
to that of H,0.*¥ The lattice constant of the Ag metdl in the
double layer is 0.427 nm. This shows an increase from that
of pure Ag of 0.408 nm, suggesting that the lattice parameter
was significantly increased by means of Ca incorporation,
which is discussed in the next paragraph.

Figure 5 shows the AES depth profile of the Ag (10 nm)/
Ca (30 nm) double layer exposedin air. Thetop region hasa
high Ag content, and the bottom layer has no Ag in it. One
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Fig. 5. AES depth profile of the Ag(10 nm)/Ca(30 nm) double layer.

noticeable festure in the top layer isthat Cais present in uni-
form concentrations. The Ca content of 35% in the layer, a
large value, is also an interesting finding. Moreover, no
appreciable amount of oxygen is found in the top layer,
although the Ca content is high in the region. This indicates
that the Cain the top layer is not oxidized and remainsin the
form of Cametal. The Cacontent in the top layer was nearly
congtant for Ag(10 nm)/Ca(10 nm), Ag(10 nm)/Ca(30 nm),
Ag(10 nm)/Ca(50 nm), and Ag(50 nm)/Ca (30 nm).

In contrast to the aforementioned findings, the Cametd in
the region was not detected by an XRD anaysis (Fig. 4),
suggesting that Ca exists as either a solid solution in Ag or
an amorphous state. As Cais highly reactive with moisture
or oxygen, amorphous Ca will become Ca(OH), or Ca0."*?
Therefore, the existence of pure Cain ameta state or aglass
state can be excluded. If the top layer is in the Ag-Ca alloy
amorphous state, the XRD pattern will show a broad peak.
No such peak was observed, however, indicating that the top
layer is not in an amorphous state. Thus, it is believed that
the Cainthe Ag layer exists as a solid solution, as the lattice
parameter of the Ag alloy increased from 0.408 to 0.427 nm.
The solubility of Cain Ag isvery smal in abulk materia;
however, the top layer has tensile stress due to the volume
expansion of the bottom layer, which increases the solubility
of the Cainto Ag through Ag crevices. The Ca solubility in
the top layer is approximately 35%.

Caand O are found in the bottom layer, because the Ca
layer istransformed to Ca(OH), viathe diffusion of moisture
or oxygen through the top layer. The oxygen content is
nearly 35% and is dightly less near the glass substrate, most
likely due to the rigid-substrate congtraint. The Ca content
continuoudy varies from nearly 50% near the interface to
nearly 70% near the glass substrate. The profile clearly indi-
cates that some Ca has diffused out from the bottom layer to
the top layer.

(b)

Fig. 6. The cross-sectional TEM images of (a) Ag(10 nm) and (b)
Ag(10nm)/Ca(10 nm) on aglass substrate.

Figure 6 shows cross-sectional TEM images of (a) Ag (10
nm) and (b) Ag(10 nm)/Ca (10 nm) on a glass substrate. In
Fig. 6(a), the dark area is Ag, and the white area is glass.
When pure Ag is deposited, the Ag is clustered with a thick-
ness larger than 10 nm, leading to lower optica transmit-
tance. In Fig. 6(b), the dark areais the Ag(Ca) layer and the
gray areais the Ca(OH), layer. The thickness of the Ag(Ca)
layer isfairly uniform and no noticeable morphology change
has been found. Given a Ca content in the Ag layer of nearly
35%, there are many reasons for such a high content, for
example by a AgCa intermediate dloy compound or a Ag-
Ca amorphous phase. From the TEM image, however, no
significant amorphous state or new compound can be seen.

Based on the above anadysis, Fig. 7 shows a schematic
explanation of the phase change in the Ag/Ca double layer
upon exposureto air. In avacuum, the Ag/Cadouble layer is
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Fig. 7. The schematic explanation of the phase change in the Ag/Ca
double layer.

formed through therma evaporation (Fig. 7(a)). When the
sample is exposed to air, the moisture in air is diffused
through the Ag layer and reacts with Ca to form Ca(OH),
(Fig. 7(b)). Due to the volume expansion by oxidation in the
bottom layer, the bottom layer is under compressive stress
and the top layer is under tensle siress. As a result, the
unreacted Ca metd is pushed out from the bottom layer to
the top layer, forming a Ag-Ca solid solution with ahigh Ca
content (Fig. 7(c)).

One of the most intriguing phenomenain the Ag/Ca dou-
ble-layer electrode is that the transmittance of the Ag/Ca
double layer is much higher than that of auniform Ag single
layer, even with an Ag thickness of 10 nm. This does not
apply to the Ag(20 nm)/Ca(10 nm) double layer, asthe mois-
turein air cannot pass through the 20-nm thick Ag layer. The
key to understanding the phenomenon isthe formation of the
transparent Ca(OH), bottom layer and less opague Ag(Ca)
top layer** To understand the physics behind this phe-
nomenon, it is necessary to consider the optical absorption
coefficient in metals. the lower the absorption coefficient,
the higher the optica transmittance. The absorption coeffi-
cient in metalsis affected by free-carrier scattering, and it is
proportiona to (G,1)"?, where o, isthe dc electrical conduc-
tivity and A is the light wavelength.™ The absorption coeffi-
cient decreases if the dc conductivity decreases due to less
free-carrier scettering. The sheet resistance of 10-nm-thick
AQ(Ca) film is about 9.6 /L1, resulting in the conductivity
of 1.0x10°€2 - cm. Since the conductivity of pure Ag metdl is
6.2x10% Q-cm, the absorption coefficient of the Ag(Ca)
layer is lowered, and the transmittance is increased due to
less free-carrier scattering.

Based on the above analyss, it is possible to design an
optimum Ag/Ca double layer with high transmittance and
high eéectricad conductivity. For this purpose, the surface
coverage of the Ag layer should be as low as possible as far
asitisacontinuousfilm. In this case, thetop layer consists of
both an Ag(Ca) solid solution and Ca(OH), phases. Due to
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Fig. 8. An SEM image of the microstructure and transmittance of
Ag(7 nm)/Ca(20 nm).

the areas with the trangparent Ca(OH), phase, the tranamittance
increases. Figure 8 shows an SEM image of the micro-
structure of an Ag (7 nm)/Ca (20 nm) film and its high
transmittance. The Ag (Ca) top layer is not completely
covered, but it is continuous, leading to good electrica
conductivity. The dark areaiin the SEM image consists of the
transparent Ca(OH), phase. The sheet resistance and
transmittance of the film are 13 Q/[] and approximately
80% at 500-nm wavelength, respectively.

4. CONCLUSIONS

The Ag/Ca double layer becomes semitransparent upon
exposure to air when the thickness of the Ag layer is below
10 nm. Under air exposure, it was found that the Ca in the
Ag/Ca double layer became a Ca(OH), phase and that the
Ag became an Ag(Ca) solid solution with a Ca content of
35%. The lattice constant of the Ag phase increased from
0.408 nm to 0.427 nm as a result of Ca incorporation. The
Ca(OH), phase became CaO after annedling at 200°C in air
or Ar.

The structura change in the Ag/Ca double layer under air
exposure can be explained asfollows: When the Ag/Ca dou-
ble layer is exposed to air, the moisture in the air diffuses
through the Ag layer and reacts with Ca to form Ca(OH)..
Due to the volume expansion by oxidation in the bottom
layer, the bottom layer undergoes compressive stress and the
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top layer undergoes tensile stress. As a result, the unreacted
Cametd ispushed out from the bottom layer to thetop layer,
forming a Ag-Ca solid solution with a high Ca content. The
electrical conductivity of the top layer was decreased due to
theincorporation of Ca, leading to lessfree-carrier scattering
and higher optical transmittance.

An optimum Ag/Ca double layer with high transmittance
and low dectricd resigtivity can be achieved if the surface
coverage of the Ag layer isaslow as possible while forming
a continuous film. The Ag (7 nm)/Ca (20 nm) double layer
shows transmittance of nearly 80% at a 500 nm wavelength
and a sheet resistance of 13 Q/[].
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