the saciety for solid-state

and electrochemical Journal of The Electrochemical Society

science and technology

Comparison of AZO, GZO, and AGZO Thin Films TCOs
Applied for a-Si Solar Cells

Y. C. Lin, T. Y. Chen, L. C. Wang and S. Y. Lien

J. Electrochem. Soc. 2012, Volume 159, Issue 6, Pages H599-H604.
doi: 10.1149/2.108206jes

Email alerting Receive free email alerts when new articles cite this article - sign up
service in the box at the top right corner of the article or click here

To subscribe to Journal of The Electrochemical Society go to:
http://jes.ecsdl.org/subscriptions

©2012 ECS - The Electrochemical Society


http://jes.ecsdl.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=jes;159/6/H599&return_type=article&return_url=http://jes.ecsdl.org/content/159/6/H599

Journal of The Electrochemical Society, 159 (6) H599-H604 (2012) H599

0013-4651/2012/159(6)/H599/6/$28.00

Comparison of AZO, GZO, and AGZO Thin Films TCOs Applied

for a-Si Solar Cells

The Electrochemical Society

Y. C. Lin,>* T. Y. Chen,® L. C. Wang,? and S. Y. Lien”

“Department of Mechatronics Engineering, National Changhua University of Education, Changhua 50007, Taiwan
bDepartment of Materials Science and Engineering, MingDao University, ChungHua 52345, Taiwan

This study prepared aluminum and gallium co-doped zinc oxide (AGZO) thin films using pulsed direct current magnetron sputtering,
and studied the electrical properties, transmittance, effects of texturing, and applicability as the front contact for a-Si:H solar cells.
Textured ZnO:Al (AZO) and ZnO:Ga (GZO) thin films were also compared with AGZO thin film to evaluate their performance as
front contacts. Experimental results show that AGZO films with the highest figure of merit ¢prc value (24.64 x 1073 Q~1) were
obtained at Al and Ga doping concentrations of 0.54 wt% and 1.165 wt%, respectively. The textured AGZO films used as the front
contact in a-Si:H solar cells achieved the following results: Voc = 0.77 V, Jsc = 16.5 mA/cm?, FF = 59%, and conversion efficiency
of 7.53%. AZO and GZO films have better electrical properties than AGZO film; however, AGZO film has superior transmittance
in the near-infrared (NIR) region and higher Jsc, conversion efficiency and external quantum efficiency (EQE) than AZO and GZO

films under a similar haze value.
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In recent years, transparent conducting oxide (TCO) thin films
have been applied in silicon thin film solar cells, providing high trans-
parency in the visible light region and good electrical conductivity.!
Light scattering in silicon thin film solar cells can be achieved us-
ing wet-etching, to produce surface structures capable of scattering
incident light into the silicon absorber layer.*%

For amorphous silicon solar cells, SnO,:F (Asahi U-Type) and
AZO have been the most favored TCOs.” GZO has better conductivity
and transparency in the near infrared region.3!® Meanwhile, AZO
has relatively low thermal stability and problems with degeneration
following extended exposure to ambient air, due to the high reactivity
of AL!-13

Previously, Kang et al.'* co-sputtered AZO and GZO to prepare
AGZO film and studied the electrical and optical properties. Lee et al.}
studied the damp heat stability of AGZO film before and after anneal-
ing. The present study is the first to evaluate the performance of AGZO
as a front contact in a-Si:H solar cell. Three common TCOs (ZnO-
based AZO, GZO, AGZO thin films) were applied and differences
in the performance of each solar cell were investigated. AGZO was
deposited using pulsed DC magnetron sputtering and a light trapping
structure was formed by wet-etching.

Experimental

This study employed pulsed direct current magnetron sputtering
to deposit the AGZO thin films on the glass substrate measuring
25 x 25 mm?. To study the influence of Al doping concentration
(0.42-0.74 wt%) on the characteristics of the thin films, the position
of the metallic Al sheet on the GZO target material was varied to alter
the doping concentration of Al within the GZO. A sintered ceramic
GZO target (3 inch in diameter with thickness 6 mm) was doped
with 0.6 wt% Ga,Os. The purity of the Al sheet (1 mm in height and
2 mm in diameter) was 99.99%. The pulsed magnetron sputtering
process was performed at a working pressure of 0.4 Pa, power of
150 W, substrate temperature of 373 K, and thickness of 800 nm.
AGZO films were post-annealed at 473—-873 K for 30 minutes in an
argon atmosphere. Prior to application to the front contact of a-Si:H
solar cells, AGZO films were textured for various durations using
0.5% and 0.3% diluted HCl so as to form light trapping structures. An
energy dispersive spectrometer (Hitachi S3000N) was used to analyze
the chemical composition, and an X-ray photoelectron spectroscope
(XPS, PHI 5000, VersaProbe) with Al Ka (1486.6 eV, width 0.85 eV)
was used to analyze the chemical state of the films. Hall effect mea-
surements (ECOPIA HMS-2000) were used to determine resistivity,
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mobility, and carrier concentration. X-ray diffraction (XRD, SHI-
MADZU XRD-6000) with Cu Ka radiation was used to analyze the
crystal structure.

Haacke’s new figure of merit was adopted to determine the qual-
ity of the AGZO films. Haacke! defined a new figure of merit for
transparent conductor oxide films, as shown in the Eq. 1:

drc = T"/R, [1]

where T is the average transmission at 550 nm, and Ry is the sheet
resistance of the transparent conductor oxide films. Additionally,
the energy gap (E,) of AGZO film was determined by the Tauc
relationship'®!7 as following:

ahv = k(hv — E,)'? (2]

where « is the optical absorption coefficient, 4v is the photon energy,
and k is the proportional constant. An extrapolating of the linear plot of
(ahv)? on the y-axis versus photon energy (4v) on the x-axis produces
avalue of E, at (ahv)? = 0. The surface features and surface roughness
of AGZO films were observed using a thermal field emission scanning
electron microscope (JEOL TF-SEM JSM7000F). A fiber coupled
CCD array spectrometer (Hon Ming MFS-630) was used to measure
the haze value in the wavelength range of 250-900 nm.

To compare the electrical properties, transmittance, and photo-
voltaic performance with common ZnO-based TCOs (i.e. AZO and
GZO0), the GZO target (3 wt% Ga,03) and AZO target (2 wt% Al,03)
were adopted for the deposition of GZO'2 and AZO films'® using
pulsed magnetron sputtering at a substrate temperature of 473 K,
followed by texturing for application to the front contact of a-Si:H
solar cells. In addition, to investigate the surface roughness of films
after textured, this study used atomic force microscopy (AFM, Solver
NT-MDT P47) measurement.

Finally, p-i-n a-Si:H thin film solar cells were deposited by PECVD
under a working pressure of 90 Pa, at a substrate temperature of
473 K, and power of 10 W to deposit a p-layer 8 nm-thick, buffer
layer 6 nm-thick, intrinsic-layer 300 nm-thick and n-layer 20 nm-
thick on textured AGZO, AZO, and GZO films on a glass substrate.
Ag back contacts were prepared by sputtering. Details of the cell
structure can be found in Ref. 19. Following fabrication, the solar
cells were annealed at 150°C for 2 h. By adopting a textured surface
for the front contact (AGZO, AZO, and GZO) the optical path of the
light is increased through scattering, thereby increasing absorption
in the active layers. The current-voltage and EQE characteristics of
the solar cellswere measured at 100 mW/cm? using an AM 1.5 solar
simulator. The effective aperture area of the cell is 20 x 20 mm? by
laser scribing process.
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Figure 1. Correspondence chart of metallic Al location and Ga content on
GZO target, produced at a power of 150 W, working pressure of 0.4 Pa,
substrate temperature of 373 K, and film thickness of 800 nm.

Results and Discussion

Characteristics and surface texturing of AGZO.— The position of
the Al sheet was changed to alter the Al doping concentration. EDS
analysis of the AGZO films showing the relative position X of the Al
sheet and GZO target can be seen in Fig. 1. An increase in the distance
from target center, X of Al sheet and GZO target increased the doping
concentration of Al. We computed ¢yc values according to Eq. 1,
for various doping concentrations, as shown in Fig. 2. In addition,
the stoichiometry mapping image of Al and Ga elements in various
locations of sample can be seen in Fig. 3. The EDX measured result
shows that the distribution of Al and Ga elements are uniform from
different locations of sample. When AGZO films were prepared and
then annealed under argon atmosphere at 473—-873 K for 30 minutes at
adoping concentration of 0.54 wt%, the highest ¢rc values were 24.64
x 1073 Q~!, as shown in Fig. 4. The highest ¢rc value of 28 x 1073
Q! was obtained at an annealing temperature of 473 K and ¢¢ values
decreased with an increase in annealing temperature. At an annealing
temperature of 473 K, the electrical and optical properties of AGZO
films exceeded those of as-deposited AGZO. Variations in the energy
gap of AGZO with an Al doping concentration of 0.54 wt% following
annealing are shown in Fig. 5. The highest energy gap of 3.63 eV
was observed at an Al doping concentration of 0.54 wt%, which did
not increase with an increase in carrier concentration, implying that
excessively high Al doping concentrations would lead to ion scattering
and a decrease in mobility, influencing absorption in the blue light
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Figure 2. Figure of merit of AGZO films with various Al doping concentra-
tions, produced at a power of 150 W, working pressure of 0.4 Pa, substrate
temperature of 373 K, and film thickness of 800 nm.

Glass A

substrate
B
[ [

Figure 3. The stoichiometry mapping image of Al and Ga elements in various
locations of AGZO film with Al doping concentration 0.54 wt%.
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Figure 4. Figure of merit for AGZO films with Al doping concentration
0.54 wt%, under various annealing temperatures. AGZO films were prepared
at a power of 150 W, working pressure of 0.4 Pa, substrate temperature of
373 K, and film thickness of 800 nm.
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Figure 5. Variations in energy gap of AGZO films: (a) with different Al doping
concentration; (b) annealed at 473 K-873 K.
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Figure 6. Haze spectrum of textured AGZO films with Al doping concentra-
tion of 0.54 wt%, under various texturing condition at room temperature to
obtain an average haze value at 380-800 nm. (haze = 15.0%: 0.3% HCI for
14s; haze = 25.6%: 0.3% HCI for 22s; haze = 33.9%: 0.5% HCI for 3s, haze
=41.2%: 0.5% HCl for 7s).

region as well as a decrease in the energy gap.”’ After annealing,
the energy gap decreased with an increase in annealing temperature,
which could be attributed to a decrease in carrier concentration. This
would lead to a reduction in carrier concentration and a decrease in
energy gap due to the Burstein-Moss effect.?!

AGZO films with an Al doping concentration of 0.54 wt% were
textured using 0.5% and 0.3% diluted HCI to form a light trapping
structure. Fig. 6 shows the haze spectrum of AGZO films under various
texturing conditions at room temperature. AGZO texturing using 0.5%
diluted HCl resulted in a higher haze value, despite the reduction in
etching time. The influence of damage to the surface of the films was
more obvious following etching at higher concentrations of diluted
HCIL. An increase in etching time resulted in a more pronounced
textured effect on the surface of the films, thereby improving the light
trapping structure and increasing the optical path of incident light. A
higher haze value implies higher diffuse transmittance at the surface
of the film.

SEM images of the surface structure of textured AGZO films are
shown in Fig. 7. When the AGZO films were textured using 0.3%
diluted HCI solution, particle clusters were formed on the surface of

Figure 7. Surface features of textured AGZO films with Al doping concen-
tration 0.54 wt% under various texturing conditions at the room temperature.
The SEM images were taken at an oblique angle of 10°-15°: (a) 0.3% HCI for
14s; (b) 0.3% HCI for 22s; (c¢) 0.5% HCI for 3s; and (d) 0.5% HCI for 7s.

Table I. Hall effect measurements of AGZO, AZO, and GZO films.

Resistivity Mobility Carrier concentration
Sample (Q2cm) (em?v—1s—1) (cm™3)
AGZO 8.14 x 107+ 13.5 6.35 x 1020
AZO 431 x 1074 22.0 11.09 x 100
GZO 3.18 x 10~ 27.8 11.05 x 102

the film; however, light trapping structures are not obvious. With an
increase in etching time, the number of particle clusters increased, with
a subsequent increase in the roughness of film resulting in enhanced
diffusion of incident light. When the AGZO films were textured using
0.5% diluted HCI solution, craters were observed on the surface of the
film and an increase in etching time increased the roughness of the film
as well as the diameter of the craters (220-780) nm. A higher degree of
roughness results in better light trapping effect, indicating good light
diffusion potential. It is worth to mention, the particle clusters formed
on the surface of the film is only appear when the AGZO films were
textured using 0.3% diluted HCI solution for a longer etching time.
The EDS spectrum measured shown that the composition of particle
mainly includes aluminum and oxygen elements. The diminished etch
behavior using 0.3% diluted HC1 solution may prefer to etch Ga than
Al, and resulting in an Al,O3 particle formed on the surface of the
film. But, Al,O5 particle will be etched under a stronger 0.5% diluted
HCI solution.

Comparison of AGZO, AZO, and GZO.— A comparison of AGZO,
AZO, and GZO films reveals that AZO and GZO films have better
electrical properties (lower resistivity and higher mobility and carrier
concentration) than AGZO film, due to their higher doping concen-
trations and lager grain size (see XRD analysis in Fig. 9). Hall mea-
surements are shown in Table I, and transmittance in the wavelength
range of 300—2000 nm is shown in Fig. 8. In the visible light range, the
average transmittance remained above 80%. In the shorter wavelength
range of 350-380 nm, the optical band edge of AZO and GZO shifted
to the blue light region. In the range of 800-2000 nm, the average
transmittance of AGZO (59.5%) exceeded that of AZO (41.8%) and
GZO (30.4%). The sheet resistance and surface roughness measure-
ments at various conditions in AZO, GZO, and AGZO film is showed
in Table II.

Liu et al.'* described how the transmittance spectra at 3002000
nm shifted to the blue region with an increase in doping carrier con-
centration, due to the Burstein-Moss effect. The average transmittance
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Figure 8. Transmittance in the wavelength range of 300-2000 nm for
AZ0,GZ0, and AGZO films.
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Table II. Sheet resistance and surface roughness measurements of various conditions in AZO, GZO, and AGZO films.

AZO GZ0 AGZO
Sheet resistance Surface roughness Sheet resistance Surface roughness Sheet resistance Surface roughness
Condition (W/square) (Rms, nm) (W/square) (Rms, nm) (W/square) (Rms, nm)
As-deposited 10.1 2.6 8.0 2.8 14.8 2.8
Annealed 5.9 2.7 4.4 2.8 11.2 2.8
After etching® 12.9 28.4 9.2 29.3 16.3 36.0

4 Haze value : AZO = 22.7 %; GZO = 23.6 %; AGZO = 25.6 %

in the range of 800-2000 nm increased and the total transmittance
spectra shifted to the blue light region. In addition, TCO is regarded
as a plasma.?? The carrier concentration of TCO is approximately
10"-10%' cm™3, and the corresponding plasma frequency and plasma
wavelength are located in the NIR region, implying that free carriers
have a considerable influence in the NIR region. According to the
Drude-Lorentz model, plasma frequency increases with an increase in
concentration; therefore, an increase in the attenuation coefficient in
the NIR region would result in a decrease in the transmittance in the
NIR region. Jin et al.” studied the reflectance and transmittance of
AZO films of various concentrations. With an increase in Al doping
concentration, transmittance in the NIR region decreased and the total
transmittance spectra shifted to the blue light region.

XRD analysis for various thin films is shown in Fig. 9. All of
the films exhibit a typical hexagonal wurtzite structure with a ZnO
(002) preferential orientation. According to XRD, the peaks of GZO
films (34.22°) are lower than those of AZO films (34.4°). The ionic
radius of Ga (0.62 A) is larger than that of Al (0.53 A) leading to
a higher lattice constant and downward shift in diffraction peaks.?
AGZO films contain Ga>* ions and AI**, implying that the average ion
radius is approximately 0.62-0.53 A, and the peak (34.34°) is located
between the peaks observed in AZO and GZO. The diffraction peak
intensity and full width at half maximum (FWHM) of AGZO films are
wider than those of AZO and GZO. According to Table I, AGZO has
the highest resistivity, implying that the AGZO acquires more lattice
defects during the deposition process.
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Figure 9. X-ray diffraction patterns for AZO, GZO, AGZO films. Lat-
tice parameters are as follows: GZO: F /WHM = 0.0096 (lattice constant)
= 1.3529A, peak degree = 34.22°; AZO: FWHM = 0.0163, a: .3378A,
peak degree = 34.4°; AGZO: FWHM = 0.0225, a = 1.34161A, peak degree
=34.34°.

In the XPS survey spectra shown in Fig. 10, an Al2p peak is
observed in AZO films with possible binding energy in the oxidation
state. A Ga3d peak was observed in GZO films with possible binding
energy in the oxidation or metallic states. Peaks for Al2p and Ga3d
were observed in AGZO films and the possible binding formula of
Al2pis the oxidation state, while the possible binding formula of Ga3d
is the oxidation or metallic state, Ga atom. As discussed previously,
the binding formula of doped atoms, Al and Ga, in AGZO films did
not change as they do in AZO and GZO films; however, the binding
energy of the Al2p and Ga3d peaks in AGZO films increased slightly.

Performance of amorphous silicon thin films solar cells with
AGZO.— 1-V parameters of a-Si:H solar cells for AGZO films un-
der various etching conditions are shown in Table III. The haze value
was obtained according to the average value in the visible region
(Fig. 6). Non-textured AGZO films had the highest V,. of 0.84 V,
because the texturing process led to the formation of cracks and cur-
rent leakage at the AGZO/p-layer interface, resulting in a decrease in
Voc.?® Jsc increased with an increase in haze value, with the highest
Jsc of 16.53 mA/cm? obtained at a haze value of 33.92%. Due to
the influence of light trapping structures, incident light was diffused
at the AGZO/p-layer interface with a subsequent increase in the op-
tical path enhancing optical absorption within the silicon layer. Jsc
was improved from 13.21 mA/cm? to 16.53 mA/cm?, and the conver-
sion efficiency was also improved. When the haze value increased to
41.24%, Jsc decreased to 14.98 mA/cm?. The thickness of the active
layer of AGZO film after texturing to produce a haze value of 41.24%
prevented the complete absorption of incident light. Textured AGZO
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Figure 10. XPS survey spectra for AZO, GZO, AGZO films. Peak formula
and binding energy of doped atoms for GZO films are 20.392 eV, Ga, 03, Ga;
peak formula and binding energy of doped atom for AZO films are 74.86 eV,
Al,O3; binding energy of doped atom for AGZO films are 20.392 eV and peak
formulae are Ga; 03, Ga, Al;Os.
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Table ITII. Performance of amorphous silicon thin films solar cells
for AGZO films with various etching conditions.

Table IV. Performance of amorphous silicon thin films solar cells
for AZO, GZO, and AGZO films.

Sample (haze%) Voc(V) Jsc(mA/cm?) FF% n% Sample (haze%) Voc(V) Jsc(mA/cm?) FF% n %
Non-textured 0.84 13.21 52.54 5.80 AGZO (25.6 %) 0.72 16.0 64.01 7.34
haze=15.0% 0.77 13.85 60.43 6.51 AZO (22.7 %) 0.72 13.1 58.2 5.48
haze=25.6% 0.72 16.00 64.01 7.34 GZO(23.6 %) 0.78 13.9 59.2 6.45
haze=33.9% 0.77 16.53 59.04 7.53
haze=41.2% 0.78 14.98 60.09 7.03

films with a haze value of 33.9% achieved the following results: FF
=59%, Voc = 0.77 V, Jsc = 16.5 mA/cm?, and efficiency of 7.53%.

Comparison of performance between AZO, GZO, and AGZO amor-
phous silicon thin films solar cells.— After texturing AZO, GZO, and
AGZO were applied to amorphous silicon thin films solar cells. The
haze curve of AZO, GZO, and AGZO films textured with textured
with 0.3% diluted HCI for 40 s, 30 s and 22 s respectively is shown
in Fig. 11. AZO had a haze value of 22.7% and GZO had a haze
value of 23.6%. I-V characterization of a-Si:H solar cells with various
front contacts is shown in Table IV. The Voc was approximately
0.8-0.72 V. The Jsc of AZO and GZO were 12.9 mA/cm? and
13.3 mA/cm?, respectively, which are lower than that of AGZO, im-
plying that the photon collection ability of AGZO films exceeds that of
the other two front contacts. The V¢ for GZO films was the highest,
which can be attributed to superior conductivity. The AGZO coated
sample has the highest FF of 0.64 could be attributed to a decrease in
carrier concentration, with subsequent decrease in the number of Al**
or Ga** ions diffusing into the p-layer, thereby alleviating the prob-
lem of pollution at the front contact/p-layer interface. (An increase in
carrier concentration increases the probability of pollution at the front
contact/p-layer interface resulting in poor cell performance®’). Rech
et al.?® deposited AZO as a front contact in pc-Si:H solar cells using
RF sputtering with different Al contents and obtained similar results.

The EQE of a-Si:H solar cells with various front contacts is shown
in Fig. 12. In the range of 300400 nm, the spectral response of AZO
and GZO was higher than that of AGZO, due to the larger energy gap
of AZO and GZO. In the range of 400-800 nm, the spectral response
of AZO and GZO was lower than that of AGZO, implying that a
higher optical utilization rate was responsible for the higher Jsc. AZO
and GZO demonstrated lower Jsc, conversion efficiency, and EQE
than AGZO. It seems to originate from different reflectance caused
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Figure 11. The haze curve of AZO, GZO, and AGZO films textured with
0.3% diluted HCI for 40 s, 30 s and 22 s respectively.

by different light scattering properties. Otherwise, Interface region
seems that pollution atoms are possibly diffused into the silicon layer
during the plasma process, affecting the carry recombination rate in
the contact/p-layer interface and therefore the performance of solar
cells.

Conclusions

In this study, AGZO thin films were prepared using pulsed direct
current magnetron sputtering with various Al doping concentrations
followed by annealing at 473—-873 K and surface texturing with 0.5%
and 0.3% diluted HCI. Finally, an a-Si:H layer and AZO/Ag contact
were deposited to complete the solar cells. Experimental results reveal
that AGZO films have the highest figure of merit ¢yc value (24.64
x 1073 Q71 at an Al doping concentration of 0.54 wt%. When pro-
duced at an annealing temperature of 473 K, the ¢r¢c value exceeded
that of as-deposited AGZO films. AGZO films with a textured sur-
face increase the optical path of light by means of scattering, thereby
increasing absorption in the active layer resulting in improved EQE
and conversion efficiency. Textured AGZO film with a haze value
of 33.9% achieved the following results: FF = 59%, Voc = 0.77 V,
Jsc = 16.5 mA/cm?, and conversion efficiency of 7.53%. AZO and
GZO have better electrical properties, transmittance, and lattice char-
acteristic than AGZO films; however, the transmittance in the NIR
region decreases with an increase in carrier concentration due to the
Drude-Lorentz model and the Burstein-Moss effect. As a front contact,
AGZO has higher short circuit current density and external quantum
efficiency than AZO and GZO. This could be attributed to a decrease
in carrier concentration, with subsequent decrease in the content of
AP* or Ga’* ions diffusing into the p-layer, thereby alleviating the
problem of pollution by dopants at the interface between front con-
tact and p-layer. In addition, in the range of 800-1200 nm, AGZO
has superior transmittance to that of AZO and GZO. AGZO films are
suitable for application on tandem amorphous silicon solar cells as
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Figure 12. Quantum efficiency of amorphous silicon thin film solar cells for
various front contacts. (AGZO: haze = 25.6%; AZO: haze = 22.7%; GZO:
haze = 23.6%).
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well as in CIGS solar cells, an application which is currently being

studied.
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