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Abstract

Boron-doped zinc oxide (BZO) films, deposited by metal-organic chemical vapor deposition
(MOCVD), have been widely used as front electrodes in thin-film solar cells due to their natively
pyramidal surface structure which results in efficient light trapping. This light trapping effect can
enhance the short-circuit current density (Ji.) of solar cells. However, nanocracks or voids in the
silicon active layer may form when the surface morphology of the BZO is too sharp; this usually
leads to degraded electrical properties of the cells, such as open-circuit voltage (V,.) and fill factor
(FF), which in turn decreases efficiency (Eg)"". In this paper, an etching and coating method was
proposed to modify the sharp “pyramids” on the surface of the BZO films. As a result, an evident
enhancement was achieved for these modified, BZO-based cells’ V., FF, and Eg, although the Jg
exhibited a small decrease. In order to increase the J;, and maintain the improved electrical
properties (V,., FF) of the cell, a thin BZO coating, deposited by MOCVD, was introduced to coat
the sputtering-treated BZO film. Finally, we optimized the trade-off among the V,, FF, and J,
that is, we identified a regime with an increase of the J;. as well as a further improvement of the

other electrical properties.
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1. Introduction

3 in hydrogenated amorphous silicon (a-Si:H)

The light-induced degradation effec
thin-film solar cells becomes obvious when the active layer is thick. Light trapping is of great
importance in enlarging the light path in solar cells and reducing active-layer thickness as well as
overall cost. Among the types of transparent conductive oxides (TCOs) films used as front
electrodes, pyramidal boron-doped zinc oxide (BZO) film, fabricated by metal organic chemical
vapor deposition (MOCVD), has been successfully used in thin-film silicon solar cells with record
performance[4'5]. As an effect of their natively pyramidal surface morphology, BZO films exhibit
favorable light-trapping capacity[6'8]. However, their overly sharp pyramidal surface features may
lead to nanocracks or voids in subsequently deposited layers required for thin-film solar cells (101
which may worsen their open-circuit voltage (V) and fill factor (FF).

Researchers have made several efforts to determine how to improve the electrical properties
of such solar cells. Domine[“], Bailat[l], and Addonizzio"* have used N,, O,, or Ar plasma to treat
BZO films, and have achieved an ideal modification of the surface features as well as obvious

d™B! and

improvements of the V,. and FF of BZO-based thin-film solar cells. Boccar
Séederstrdem!'” have used multilayer to improve the electrical properties of such cells without
negatively affecting the TCO’s light trapping capacity. Additionally, Bancha Janthong[ls] and

Aswin Hongsingthong[m] have deposited smaller-size pyramidal BZO films on etched rough glass
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substrates to produce a new, cauliflower-like surface morphology.

In this study, we developed a new method for enhancing the opto-electrical properties of
a-Si:H thin-film solar cells. Firstly, we deposited the pyramidal BZO film using MOCVD to
produce a high surface root-mean-square roughness (RMS) of about 60~80 nm. Then, we used a
magnetron-sputtering system to treat the MOCVD-BZO films. The high-energy-sputtering,
hydrogen-doped ZnO (HZO) molecules successfully etched the sharp “pyramids” and covered the
surface of the BZO with a thin HZO film. Lastly, we added a thin BZO film with smaller pyramids
using MOCVD on the surface of the sputtering-treated BZO film to balance the opto-electrical

properties of the thin-film a-Si:H solar cell.

2. Experimental details
For this study, 3-um thick bottom-layer BZO films were fabricated on glass substrates

(Corning Eagle XG) using MOCVD. Diethylzinc and H,O vapors were used as the precursors
with flow rates of 180 sccm and 110 scem, respectively. In addition, borane was used as a doping
gas. The doping processes were 3 sccm (3min)+ 0 sccm (32 min) + 3 scem (15 min) and 3 scem
(3 min)+ 0 sccm (32 min) + 2 sccm (15 min), for the bottom BZO films in Fig 2(a) and Fig 3(a),
respectively. The thin, top-layer BZO films were also doped continuously in 3 sccm. The growth
temperature was kept at approximately 423 K, and the pressure in the deposition reactor was
0.02 Torr. We etched the standard BZO films by a pulsed direct-current magnetron-sputtering
system with a pure, sintered ceramic ZnO target. H, was used as the doping source and the
deposition power was set to 340 W. After the sputtering process, the bottom BZO film was etched
and coated with a sputtered film of ZnO:H. Then, 100~500 nm top-layer BZO films were
deposited on the etched BZO films, also by MOCVD.

We used a radio-frequency, plasma-enhanced chemical vapor deposition (RF-PECVD)
cluster system to fabricate PIN-type single-junction a-Si:H solar cells on these TCO films, with a
growth temperature of approximately 483K .The intrinsic Si layer, with a thickness of 250 nm,
was deposited using a mixture of hydrogen and silane. The p- and n-type layers were produced by
adding trimethylboron (TMB) and phosphine (PH3), respectively. SiO, films were then prepared
by adding carbon dioxide (CO,). Lastly, a ZnO/Ag film was used as back reflector. The cells’
structure is shown in Fig 1.

The surface morphologies of the TCO films were characterized using atomic force
microscopy (AFM) (SPA 400, Seiko) and scanning electron microscopy (SEM) (Supra550p,
Zeiss). The total reflectance (TR) and total and direct optical transmittances (TT and DT,
respectively) of the TCO films, as well as the TR values of the fabricated a-Si:H solar cells were
measured using an ultraviolet—visible-near-infrared (UV-Vis-NIR) spectrophotometer (Cary 5000

PC, Varian). The performance of the a-Si:H solar cells was determined from their current density
3
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versus voltage (J-V) characteristics, which were obtained using an AMI1.5 solar simulator
(WXS-156S-L2, Wacom). The external quantum efficiencies (EQEs) of the cells were determined
under the short-circuit conditions for wavelengths ranging from 300 nm to 800 nm. All of these

measurements were made at room temperature.

3. Results and discussion
BZO films used in this study were deposited by MOCVD—a representative SEM surface

image is shown in Fig 2(a) as an inset. Clearly, the surface of the standard BZO film consists of
pyramids with sharp tips and flat sides. Thus, we employed a magnetron-based sputtering method
to smooth the sharp features. The sputtered hydrogen-doped ZnO (HZO) molecules arrived at the
surface of the BZO film with high kinetic energy, etched the sharp tips of the pyramidal features,
and simultaneously formed a HZO/BZO film (Fig 2 (a)). As we can see from the SEM image of
the treated BZO, the sharp edges of the pyramids were smoothed, that is, most of the sharp tips
vanished.

Then, we deposited single-junction a-Si:H solar cells on these TCO films to verify whether
such modification is suitable for improving the electrical properties of the cells. The
corresponding J-V curves are shown in Fig 2(a). Solar cell based on the HZO/BZO film exhibited
a clear increase in V. and FF owing to the smoothed surface morphology, which mainly resulted
from the modified surface forming fewer nanocracks in the silicon active layer[x’”’”] (the diode
quality factor n decreased from 1.87 to 1.78). For a-Si:H solar cells, the value of the diode quality
factor n (which describes the cells’ quality) was 1~2. This suggests that the bulk recombination of
the carriers worsened when the was value closer to 2. After the sputtering treatment, the smaller
pyramidal features vanished by the etching effect. As a result, the carrier mobility increased from
14.1 to 17.4 cm?/Vs, owing to the decreased grain boundary density. In addition, there may be
diffusion of hydrogen atoms in the BZO grain boundaries, which would also improve the carrier
mobility by decreasing its recombination. Once coated by the HZO film, the treated TCO film had
a lower sheet resistance (reduced from 21.8 to 18.21 Q/sq). Moreover, the cells’ series resistance
(R,) decreased from 7.24 to 6.96 Q-cm” and their shunt resistance (Ry,) increased from 601 to
1140 Q-cm”. Thus, we achieved a final gain in efficiency as a result of the improvement of the V.
and FF, though the J. decreased slightly.

This decrease in Jg. can be explained in terms of the measured optical properties of these two
TCO films. The total transmittance and reflectance of the standard and treated BZO films are
shown in Fig 2(b) and Fig 2(c), respectively. The HZO layer covers the bottom BZO film after the
sputtering process. Doping of hydrogen made the treated BZO film exhibit a higher free-carrier
concentration, which resulted in a broadened bandgap and a blue shift of the transmittance curve

(Fig 2(b))[18'19]. Because of the surface modification®”), the reflectance of the HZO/BZO film
4
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decreased considerably in the 400-600 nm range (Fig 2(c)). This decreased reflectance led to a
slight enhancement in transmittance. Meanwhile, the increased free-carrier concentration resulted
in a higher free-carrier absorption (FCA) effect!?", particularly in the long-wavelength region.
Thus, the total transmittance curves of the treated BZO film decreased for wavelengths greater
than 600 nm.

Because the surface morphology was smoothed and the surface RMS decreased (Fig 2(d))
after this modification, a decay of the TCO’s scattering capacity was observed. As a result, the
haze factor of the TCO film had an evident reduction after the sputtering treatment. Though the
transmittance curve slightly increased for wavelengths shorter than 600 nm, the actual uptake of
light, as well as J,., was reduced due to this clearly diminished haze factor.

From the above experiments, we achieved an improvement of V.. and FF at the cost of a
decrease in Ji. In an attempt to increase the cells’ Ji. and simultaneously maintain favorable
electrical properties, we deposited a series of thin BZO films, with thicknesses of 100~500 nm, on
the surface of the HZO/BZO films to impose a new light-trapping morphology. Considering that
the light-scattering capacity of BZO films increase with increasing surface RMS, we slightly
decreased the doping level to achieve a rougher bottom-layer BZO film. This BZO film had a
lower free-carrier concentration and similar optical properties to that in Fig 2(b)—(d), and was
subsequently modified using sputtering, then coated by a thin, top-layer BZO film.

SEM images of the BZO/HZO/BZO films with this refined morphology are shown in Fig. 3.
After applying a top-layer BZO film of about 100 nm thickness, most of the sharp tips of the
pyramids smoothed by the sputtering treatment re-formed (Fig 3 (c)). This occurred mainly
because the sputtered HZO molecules arrived at the surface of the pyramids and smoothed their
tips, and then had priority to travel into the “valleys” instead of staying on the smoothed tops. As a
result, the top BZO grew along the bottom BZO film and re-sharpened its smoothed tips. Because
of the accumulation of HZO in these valleys between pyramids, the thin, top-layer BZO film
provided extremely small features on the sides or bottoms of the pyramids, and the surface RMS
of the BZO/HZO/BZO films decreased. Increasing the thickness of the top BZO film to 300 nm,
these very small features in the valleys expanded to form a series of pyramidal features. When the
top BZO film was deposited at a thickness of 500 nm, the smaller pyramidal features continuously
expanded to form larger features between the large bottom pyramids.

To clearly elucidate the changes in surface morphology, we also took cross-section AFM
images of the TCO films. Recalling that the sputtering HZO bombarded the sharp tips and covered
the valleys of the pyramidal BZO surface features, the largest depth between tips and valleys (AZ)
after this process decreased from 329 nm (Fig 4(a)) to 267 nm (Fig 4(b)). Then, the top BZO film

restored the tips of the bottom BZO film and formed small pyramidal features to fill up the valleys
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(Fig 4(c)—(e)). The combination of the restored large bottom pyramidal features and the small top
pyramids in the valleys made the surface change to more smoothed “U” type from sharp “V” type
(Fig 4(e)).

In addition, the deposition of the thin, top-layer BZO film also improved the TCOs’ electrical
properties (Table 1). When we increased the thickness of the top BZO film, there was an increase
of free-carrier concentration and decrease of sheet resistance due to the continuously increasing
B,Hs doping. When coated by a 100 nm thick BZO film, the grain-boundary density may have
increased because of the recovery of the small size features, which slightly decreased mobility.
However, with the increasing thickness of the top BZO film, the regrowth of the bottom BZO
grains, enlargement of the new top features, and the resulting increase of free-carrier concentration
would enhance the carrier mobility of the TCO film.

Next, we deposited a-Si:H solar cells on these BZO and BZO (0~500 nm)/HZO/BZO
substrates to check whether the treatment is beneficial for improving the cells’ J;. and electrical
properties. From the J-V curves of these cells in Fig 6, we found that the J;. achieved an ideal gain
with increasing top-BZO thickness. We evaluated the actual light uptake by measuring the
absorption (Fig 5(b)) of the TCO films and solar cells. As the free-carrier concentration of the
samples increased (Table 1) with the thickness of the top BZO film, the total transmittance and
absorption curves of the TCO films exhibited major differences (Fig 5 (a)). It should be noted that
the total transmittance curves were measured in air, and some light might be totally reflected at the
TCO/air interface instead of being measuring by the collector. Additionally, the combined small,
top pyramidal features and large bottom pyramids may lead to a formation of a gradient refractive
index in the cells, and, in turn, a decreased reflectance. As a result, the absorption properties of the
cells based on these samples were similar for 300-600 nm light, even though the total
transmittance behaved differently. For wavelengths greater than 600 nm, the cells’ absorption
increased with increasing top-BZO thickness. We may also attribute the aforementioned J,. gain to
this increasing absorption in the 600-800 nm wavelength region.

Since the combined regrowth of the bottom BZO and deposition of small pyramidal top BZO
film induced a smoothed “U”-type morphology, which benefited in reducing the nanocracks or
voids in the cells (the diode quality factor n decreased from 1.86 to 1.52), the V. and FF of the
cells were improved further with increasing top-BZO thickness (0—300nm) (Fig 6). In addition,
the deposition of the top BZO film improved the TCO’s electrical properties and reduced the R, of
the cells, which also enhanced the FF. Owing to the decrease of Ry, with the top-BZO thickness at
500 nm, the FF did not improve further (though the Ry decreased). Unfortunately, when we
increased the top-BZO thickness to 500 nm, the return of the sharp tips, and especially the

overgrowth of the smaller features, impaired the V,. and FF properties, though the Jsc still
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achieved a gain. As a result, the efficiency of cells based on BZO/HZO/BZO substrate could not

be improved further for top-BZO thicknesses larger than 300 nm.

4. Conclusions

In this paper, we attempted to balance the trade-offs of the opto-electrical properties of a-Si:H
solar cells by using a sputtered ZnO:H coating to modify a pyramidal BZO film. Then, we
produced a suitably modified BZO film to improve the cells’ V,. and FF by 3.2% and 6.5%,
respectively. The efficiency of the cell based on this HZO/BZO film was improved, though the J
decreased as a result. To remedy this without impairing the V. and FF of the cells, we added a
thin, top-layer BZO film to form a “U”-type surface morphology. By increasing the top-BZO
thickness from 100 nm to 500 nm, we achieved a continuous increase of the J,. but a decrease of
Vo and FF for thicknesses greater than 300nm. Thus, a suitable top BZO (thickness of 300 nm)

has been shown to improve on a standard BZO cell’s light trapping and electrical properties.
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Fig.3 SEM images of the (a) BZO and (b) HZO/BZO films and the BZO/HZO/BZO films coated by a top-layer
BZO with thicknesses of (c) 100 nm, (d) 300 nm, and (e) 500 nm
14x9mm (300 x 300 DPI)
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Fig 4 Cross-section and 3-dimensional AFM images of the (a) BZO, (b) HZO/BZO, (c) BZO(100
nm)/HZO/BZ0, (d) BZO(300 nm)/HZ0O/BZ0O, (e) BZO(500 nm)/HZO/BZ0, and a sketch of the surface
changes (f)
7x1mm (300 x 300 DPI)
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Fig.1 Structure of an a-Si:H solar cell

Fig.2 (a) J-V curves for the a-Si:H solar cells based on BZO and HZO/BZO films. (b) Total
transmittance, (c) reflectance and (d) haze curves of the BZO and HZO/BZO films.

Fig.3 SEM images of the (a) BZO and (b) HZO/BZO films and the BZO/HZO/BZO films coated
by a top-layer BZO with thicknesses of (¢) 100 nm, (d) 300 nm, and (e) 500 nm.

Fig 4 Cross-section and 3-dimensional AFM images of the (a) BZO, (b) HZO/BZO, (c) BZO(100
nm)/HZO/BZO, (d) BZO(300 nm)/HZO/BZO, (¢) BZO(500 nm)/HZO/BZO, and a sketch of the
surface changes ().

Fig.5 (a) Total transmittance and (b) absorption curves of the samples.

Fig.6 J-V curves of the a-Si:H solar cells based on BZO and BZO (0~500 nm)/HZO/BZO films.
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Table.1 Surface RMS and electrical properties of the BZO and BZO (0~500 nm)/HZO/BZO films

and the Ry, R, and sheet resistance of cells based on these TCO films.

Thickness of top BZO film BZO 0 nm 100 nm 300 nm 500 nm
RMS (nm) 86.6 71.8 73.9 74.8 77.8
free carrier concentration (10°’/cm®) 1.36 1.20 1.51 1.68 1.74
charge carrier mobility (cm*/Vs) 22.7 321 29.5 32.9 35.6
Ry, (Q-cm” 733 760 1061 1497 950
R (Q-cm” 6.20 5.87 5.83 5.67 5.36

sheet resistance (£/sq) 20.22 16.21 14.05 10.91 10.43




