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Highly conducting ZnO:Al (AZO) films are normally prepared through substrate heating and post-annealing
in reducing atmosphere, which is deleterious to maintain the high transparency of films and the overall so-
lar cell performance. Here we fabricate AZO films through one-step sputtering at room temperature using
oxygen-deficient targets prepared via double crucible method. The best-performed AZO film achieves a low
resistivity of 4.4 x 10~ Q cm, a high haze factor of 35.0%, and optimizes the efficiency of Cu (In, Ga)Se, solar
cell with a high value of 14.15%. This letter demonstrates that oxygen deficiency can induce high surface

texture, conductivity, and boost solar cell performance.
OCIS codes: 000.1570, 040.5350, 160.4670, 240.0310.
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ZnO-based transparent conductive oxide (TCO) films
have attracted significant attention in the application
as a front electrode in solar cells due to the low cost
and nontoxicity®?. ZnO:Al (AZO) films have been dem-
onstrated to have high transparency in visible wave-
length range and high electrical conductivity, and AZO
films are a promising TCO candidate to replace the
Sn-doped In O, films? .

In order to obtain high-performance AZO films, the
defect manipulation in the films should be placed in
the first place. Microstructural defects are the origin
of the desired electrical and optical properties!*™, in-
cluding visible and infrared light transmittance, elec-
trical conductivity (carrier concentration, carrier mo-
bility), and so on®?. Oxygen vacancies (V) is one of
the dominant sources of electron carriers in the AZO
films. In the conventional methods, the oxygen-deficient
AZO films are sputtered with the assistance of sub-
strate heating during sputtering, and the as-sputtered
films may be post-annealed in an evacuated or reduced
atmospherel™'?, Substrate heating and post-annealing
(e.g., 200-400 °CIM) are very deleterious to maintain
the high transparency of TCO films and the overall
performance of solar cells. In the case of Cu (In, Ga)Se,
(CIGS) thin film solar cells, the pre-formed PN junc-
tion can even be destroyed if the front AZO electrodes
are sputtered at such high temperature.

In this letter, the home-made oxygen-deficient
AZO targets were fabricated via a low-cost double
crucible process!'™ and further applied in the magne-
tron sputtering, which realized one-step synthesis for
highly conductive and transparent AZO films at room
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temperature. The oxygen-deficiency state in targets
was found benefiting surface-texture behavior in depos-
ited AZO films. This new method, which removed the
deleterious post-annealing process at high temperature
and provided superior electrical and optical properties,
was further investigated in manufacturing the window
layer of CIGS thin film solar cell and boosted the cell
efficiency.

The AZO targets were prepared by sintering dry-
pressed starting materials of ZnO and Al(OH), (1 wt%
AZO) at 1350 °C for 4 h. The as-sintered targets were
subsequently annealed via a double crucible process for
2 h at 800, 900, and 1000 °C, respectively. As illustrat-
ed in Fig. 1", when heated, the finite oxygen sealed
in the up-side-down crucible reacted with graphite and
CO was produced, creating a reducing atmosphere in
the inner crucible. The oxygen atoms in the grains and
on the grain boundaries of ZnO were withdrawn by the
reducing atmosphere to generate oxygen-deficient state
in the targets.

The AZO films were deposited in a high vacuum
magnetron sputtering system (JGP 450) with a base
pressure of 2.0 x 10~ Pa, under a flow of high-purity
Ar gas (99.99%, 10 scem). DC magnetron sputtering
was employed to deposit the films on glass slides with a
holder target distance of 70 mm. During the sputtering,
the pressure was maintained at 0.2 Pa and the sput-
tering power was 120 W. The film deposited with as-
sintered target was labeled as AZO-0 and films depos-
ited with oxygen-deficient target annealed at 800, 900,
and 1000 °C were, respectively, labeled as AZO-800,
AZ0-900, and AZO-1000.
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Fig. 1. Schematic diagram of the double crucible annealing
method®.

A diffractometer (Advance D8 Focus, Bruker AXS)
using Cu-Ko radiation was applied for X-ray diffraction
(XRD) measurement to study the crystallization and
phase structure of the targets and films. Field emission
scanning electron microscopy (FE-SEM; LEO—1530VP),
atomic force microscopy (AFM; Seiko IT SPI3800V and
SPA300HV), and a stylus profiler (Dektak 150, Veeco In-
struments) were used to evaluate the surface morpholo-
gies, roughness, and thickness of the AZO films. Trans-
mission and haze factor measurements were done on a
spectrophotometer (Hitachi U-4100) in the wavelength
range of 300—1100 nm. The transmittance spectra re-
ported were obtained after subtraction of signal of glass
substrate. The van der Pauw method was used with an
Accent HL5500 to measure electrical transport properties
including resistivity, carrier concentration, and carrier
mobility.

The XRD patterns of the as-sintered and oxygen-
deficient AZO targets are shown in Fig. 2. The XRD
peaks of all targets are indexed to JCPDS Card No.
36-1451, belonging to the hexagonal wurtzite ZnO. As
can be seen in Fig. 2(b), the diffraction peaks of the
oxygen-deficient targets shift slightly toward higher
angle, which can be ascribed to the lattice contrac-
tion caused by oxygen vacancies. The resistance of the
1000 °C-annealed target decreases to less than 1 Q/sq,
much lower than 12 Q/sq for the as-sintered one. The
lower resistance is attributed to higher electron con-
centration due to more oxygen vacancies formed in the
annealing process.

As can be seen Fig. 2(c), all films show the hexagonal
wurtzite ZnO structure with evident (0 0 2)-orientat-
ed growth perpendicular to the substrate surface. The
AZO-0 film exhibits a stronger and sharper peak of (0 0
2), indicating better crystallinity than the films depos-
ited by the oxygen-deficient targets. V in the oxygen-
deficient targets are demonstrated to hinder the grain
crystallization and growth, resulting in smaller grains in
the AZO films. Moreover, identical shift toward higher
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Fig. 2. XRD patterns of (a, b) AZO targets and (c, d) AZO films.

angle can be observed in Fig. 2(d), which is also ascribed
to the oxygen-vacancy induced lattice contraction.

The surface morphologies of the AZO films deposited
by different targets were evaluated by the distinct AFM
topographies, as shown in Fig. 3. All films display ran-
domly distributed “hills” and “valleys,” but their size
and height distinguish. AZO-0 film exhibits larger but
lower hills. With the increasing annealing temperature,
the hills become smaller and sharper, which well ac-
cords the XRD results. AZO-1000 film finally shows
relatively regular array of hills with ~40 nm in height.
The evolution of surface morphologies is believed to
be ascribed to the intensifying oxygen deficiency dur-
ing the film growth. During the film growth, atoms
reach substrate then face two choices, either participat-
ing in the grain growth or nucleation. Normally nucle-
ation requires more energy, which makes it with much
lower probability. In the oxygen-deficient films, inten-
sified blocking effect originated from oxygen vacancies
increases the energy for participating in growth and
hence raises the possibility of nucleation, which hinders
the further grain growth and results in smaller “hills”.
The sharper shape can also be explained by the block
effect at grain boundary. The horizontal growth of one

Fig. 3. AFM images of (a) AZO-0, (b) AZO-800, (c) AZ0-900,
and (d) AZO-1000 films.
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Table 1. Structural and Electrical Properties
of AZO Films

AZO AZO AZO AZO
-0 -800 -900 -1000

RMS Roughness (nm) 11.9 183 157 6.7
Haze at 360 nm (%) 169 351 308 9.6

Sample

p (107 Qcm) 94 44 73 130
M (cm?/Vs) 283 227 98 8.3
N (10 cm™3) 5.2 6.3 8.8 5.7
Average

Transmittance at 83.8 86.0 85.7 859

400-1100 nm (%)

grain always needs to compete with neighboring grains.
The block effect from grain boundaries of oxygen-defi-
cient films intensified the competition and promotes the
vertical growth. As shown in Table 1, the AZO-800 film
has the highest root mean square (RMS) roughness of
18.3 nm, compared with 11.9 nm for the AZO-0 film.
The low RMS roughness for AZO-1000 (6.7 nm) should
be ascribed to the sharply decreased grain size.

The surface and cross-section morphology analyses
using FE-SEM obtained identical results with AFM, as
shown in Fig. 4. Although the grain size decrease is un-
obvious, the increased surface roughness for AZO-800
can be distinguished from Fig. 4(b). The cross-section
image of AZO-800 film shows typical columnar growth,
which is also found in previous reports!f.

Post-annealing AZO films in reducing atmosphere,
which is the common method to achieve low resistivity,
is usually accompanied with transmittance degenera-
tion. According to the grain-boundary barrier model!'”,
the potential barrier existing near the grain boundar-
ies is caused by distorted lattice, unsaturated bonds,
or impurities. This grain-boundary potential barrier
can suppress photon delivery and decrease the trans-
mittance of the film. The optical properties, including
transmittance and haze factor, of the AZO films are
investigated and shown in Fig. 5. In the optical light
region (400—1100 nm), the average transmittance of all
the oxygen-deficient AZO films exceeds 85%, as listed
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Fig. 4. FE-SEM images for the surface of (a) AZO-0, (b) AZO-
800 and cross-section of (¢) AZO-0, (d) AZO-800.

in Table 1. The oxygen-deficient films show considerable
enhance in transmittance, because the light trapping ef-
fect induced by high surface roughness is believed to
increase transmittance and is enough to compensate for
the loss caused by grain-boundary scattering. Moreover,
the band gap edge for oxygen-deficient films show an
obvious shift toward higher wavelength, which is also
observed by previous reports™ and can be ascribed to
oxygen-vacancy induced valence band tailing. The haze
factors at 360 nm for different films are listed in Table
1. The highest haze factor (35.0% at 360 nm) of the
AZO-800 film indicates its quite high surface texture,
which well accords with the AFM and SEM results.
The electrical properties of the AZO films are listed in
Table 1. The oxygen-deficient AZO films exhibit higher
carrier concentration and lower hall mobility than the
AZO. The free carrier concentrations (labeled as N in
Table 1) of the AZO films are 5.2 x 10* ¢cm™ (AZO-0),
6.3 x 10 cm™ (AZO-800), and 8.8 x 10 cm~® (AZO-
900), exhibiting an increasing trend with the increasing
post-annealing temperature. The relatively higher carri-
er concentrations of the oxygen-deficient AZO films are
ascribed to the higher concentration of oxygen vacan-
cies in the films, which originate from the as-sputtered
targets. However, the carrier concentration of AZO-1000
film separates from the increasing trend, which is at-
tributed to the significant volatility of ZnO at 1000 °C.
The carrier mobility (labeled as # in Table 1) of the
AZO films decreases from 28.3 cm?/Vs (AZO-0) to 8.3
cm?/Vs (AZO-1000). Carrier mobility can be affected
by grain-boundary scattering and electron carrier scat-
tering, but grain-boundary scattering in AZO polycrys-
talline film is considered the dominant mechanism! 2!,
The grain-boundary barrier model assumes donor-like
positively charged defects in the depletion layer and
acceptor-like negatively charged defects in the grain—
boundary interfacel'"?22), The positively charged defects
(including trivalent aluminum ions and native oxygen
vacancies) extend from both sides of the grain boundary
into the adjacent grains and form a positive depletion
layer penetrating some distance into the grains. These
defects are capable of trapping carriers, thereby immo-
bilizing them and reducing the amount of free carriers.
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Fig. 5. Transmittance and haze factor spectra of the AZO films.
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After trapping the mobile carriers, the traps become
electrically charged and create a potential energy barri-
er to impede the motion of carriers from one crystallite
to another and reduce their mobility. The XRD results
shown in Fig. 1 reveal that the oxygen-deficient AZO
films possess more defects (poorer crystallinity), which
are consistent with its much lower mobility.

The resistivity depends on both carrier concentration
and carrier mobility. As shown in Table 1, the increased
resistivity of the AZO-1000 film is mainly ascribed to
the sharply decreased carrier mobility from 28.3 to
8.3 cm?/Vs. The AZO-800 film balances these two physi-
cal components and reaches the lowest resistivity of
44 x 107 Q cm.

To examine the performance of our oxygen-deficient
AZO film in transparent electrode applications, AZO
films (800 nm) deposited by as-sintered target and
800 °C-annealed target were applied as the front con-
tact layer of the CIGS thin film solar cell (labeled as
SC-0 and SC-800). The I-V characteristic of the fabri-
cated 0.5 x 0.8 (cm) CIGS solar cell under AM 1.5 G
simulated solar illumination (100 mW/cm?) is shown in
Fig. 6. The SC-800 cell reaches a higher photocurrent
density of 35.71 mA /em?, which should be attributed to
the lower resistivity of the AZO-800 film. The fill factor
also increases from 66.32% (SC-0) to 68.40% (SC-800),
and the as-fabricated CIGS solar cell without an antire-
flective film obtained an optimized efficiency of 14.15%.
This result confirms that our oxygen-deficient AZO film
improves the performance of CIGS solar cell through
improving light transmittance and conductivity, which
is identical with the previous reports?.

In conclusion, highly textured and conducting AZO
films are deposited by one-step magnetron sputter-
ing method at room temperature, using the oxygen-
deficient targets fabricated via a double-crucible pro-
cess. For oxygen-deficient AZO film, higher carrier
concentration is obtained due to more oxygen vacancy
sites compared with the conventional AZO film. The
average transmittance exceeds 85% in the wavelength
region of 400—1100 nm. The AZO-800 film possesses
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Fig. 6. I-V characteristic of CIGS solar cell applying AZO film
deposited from as-sintered target (SC-0) and 800 °C-annealed
target (SC-800). V., open circuit; J , short-circuit current;
FF, fill factor.

the highest haze factor of 35.0%, the largest RMS
roughness of 18.3 nm, and the lowest resistivity of
4.4 x 107 Q cm. The AZO-800 film is also applied as
the window layer of the CIGS solar cell, which achieves
a high efficiency of 14.15%. The simplicity of the present
method and the superior electrical and optical proper-
ties of the films may allow highly conductive AZO films
to be used in low-cost commercial applications.
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