
IEEE ELECTRON DEVICE LETTERS, VOL. 34, NO. 9, SEPTEMBER 2013 1163

Improved Rear-Side Passivation by Atomic Layer
Deposition Al2O3/SiNx Stack Layers for High

VOC Industrial p-Type Silicon Solar Cells
Je-Wei Lin, Yi-Yang Chen, Jon-Yiew Gan, Wei-Ping Hseih, Chen-Hsu Du, and Tien-Sheng Chao

Abstract— This research develops high open-circuit voltage
(VOC) p-type industrial screen-printed silicon solar cells using
improved rear surface passivation. It shows a significant improve-
ment in the minority carrier lifetime by low temperature
(<450 °C) thermal atomic layer deposition of Al2O3 layers and
plasma-enhanced chemical vapor deposition of SiNx passivation
layers. An increase in the VOC and the short-circuit current
( JSC) due to an improved long-wavelength response are also
demonstrated. With the optimized stack layers, a high efficiency
of 19.2% across a large area (156 cm2) is seen. Furthermore,
the rear-side passivation scheme can be easily integrated into the
conventional screen-printed process. This is very promising for
in-line solar cell manufacturing.

Index Terms— Al2O3/SiNx stack layers, negative fixed charge,
open-circuit voltage, surface passivation.

I. INTRODUCTION

IN RECENT years, the importance of surface passivation to
the open-circuit voltage (VOC) and cell efficiency has been

well recognized. Various kinds of dielectric layers, such as
silicon dioxide (SiO2), SiNχ :H, Al2O3 [1], [2], and amorphous
silicon (α-Si:H) [3] have received attention due to their supe-
rior passivation ability. These layers can either chemically sat-
urate the surface dangling bonds or offer a strong surface field.
At present, the front surface passivation for a p-type substrate
is optimized with SiNx and a selective emitter (SE) struc-
ture. To further increase the efficiency, a rear-side passivation
structure is crucial. To this end, Al2O3/SiNx stack layers are
of interest. In this approach, Al2O3 layers deposited by atomic
layer deposition (ALD) provide an excellent Si/Al2O3 inter-
face quality and a high negative fixed charge after annealing.
In 2008, Hoex et al. [4] demonstrated that a satisfactorily low
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density of interface defects in combination with a strong field-
effect passivation is present in the Al2O3 at the interface with
the underlying Si substrate. Hoex et al. used both experimental
and simulated data to show this, where the field-effect passi-
vation was induced by a negative fixed charge density, Q f ,
of up to 1013 cm−2. In 2012, Vermang et al. [5] used a stack
of Al2O3 and SiNx as the rear surface passivation layer. The
best fill factors (FF) and short-circuit current (JSC) values were
obtained by hydrophobic prepassivation cleaning and by 10 nm
of Al2O3, in which the blistering size still increased during
firing from additional outgassing. There was an apparent gain
in the JSC and VOC due to the improved rear internal reflection
and surface passivation.

This letter investigates the application of different
Al2O3/SiNx stack layers to passivate the rear surface of a
p-type substrate using a screen-printing process. To achieve an
optimized cell design, both front and rear surface conditions
are varied. Six different conditions with different structures are
used: 1)–3) three different homogeneous emitters (Rsh = 40,
Rsh = 70, and Rsh = 100 �/sq) with a full Al back contact;
4) a SE with a full Al rear contact with sheet resistances of
40 and 100 �/sq for metallized and unmetallized surfaces,
respectively; 5) a homogeneous emitter (Rsh = 70 �/sq) with
a 20/90-nm Al2O3/SiNx passivated rear local back surface
field (LBSF) [6]; and 6) a SE with a 20/90-nm Al2O3/SiNx

passivated LBSF. The improvements were applied step-by-
step to demonstrate the advantages of the proposed stack
layers. The characteristics of all samples, such as the satu-
ration current density (JO), VOC, JSC, FF, external quantum
efficiency (EQE), and conversion efficiency (η), are discussed
and presented in this letter.

II. EXPERIMENT

The experiments used (100)-oriented boron-doped
Czochralski (Cz) c-Si square solar wafers with a thickness
of 200 μm and a resistivity of 1–2 � cm. The wafers
were prepared by soaking in deionized (DI) water after first
performing etching of ∼10 μm per side and cleaning using
the standard Radio Corporation of America process. The
lifetime samples had flat structures fabricated by NaOH
etching and polishing. An ultrathin SiO2 layer was formed
on both wafer surfaces using the nitric acid oxidation of Si
method at room temperature for cleaning. The silicon surface
was subsequently texturized with random pyramids in a
40-wt% KOH solution and then mixed with isopropanol and
DI water at a volume ratio of 1:3:46 at 80 °C for 30 min.

0741-3106 © 2013 IEEE



1164 IEEE ELECTRON DEVICE LETTERS, VOL. 34, NO. 9, SEPTEMBER 2013

Fig. 1. Measured carrier lifetime of a 150-μm boron-doped 1–2 � cm Cz Si
wafer as a function of various emitter doping and excess carrier concentrations.

Front phosphorus emitters with different sheet resistances
were diffused from a POCl3 source at different tempera-
tures. The phosphorus silicate glass was removed by a short
dilute HF dip. The Al2O3 layers were deposited by thermal
ALD at 200 °C and capped with SiNx layers of different
thicknesses by plasma-enhanced chemical vapor deposition
at 450 °C. The samples were immersed in a nitric acid
aqueous solution of 68% azeotropic concentration at room
temperature for 15 min. An antireflection coating layer of SiNx

was deposited on the front side using the same conditions as
the rear-side stack. The electrode was screen printed on the
front and rear surfaces with silver aluminum paste. The peak
temperature for cofiring was 770 °C. The samples were then
isolated using a laser.

Characterization was performed using a Quicksun 120CA
I–V measurement. The photoconductivity decay (PCD)
method was used to measure the lifetime and Suns VOC using
a Sinton Instrument WCT-120. The aperture area for all solar
cells fabricated in this letter was 156 cm2 and the entire front
metallization, including the busbar, was contained within the
active cell area. The lifetime sample structures (Figs. 1–3) are
all planar.

III. RESULTS AND DISCUSSION

The saturation current is contributed by both the emitter
and LBSF regions. The front emitter is crucial to demonstrate
the potential of the proposed Al2O3/SiNx stack layers and
requires careful optimization. The emitter quality can be
classified by the emitter saturation current (J0e) and mea-
sured using the PCD method [7]. Fig. 1 shows the measured
injection-dependent carrier lifetime and J0e on a 150-μm
boron-doped 1–2 � cm Cz Si wafer with different emitter
doping concentrations. The emitter doping concentration is
seen to decrease (the sheet resistance rises from 40� to
100 �/sq). The saturation current also decreases. The optimal
emitter sheet resistance for the passivated surface is 100 �
cm and the implied VOC is 650 mV. One of the difficulties
in preparing a high-sheet-resistance emitter is, however, the
firing conditions. Special firing processes and pastes may be
required [8]. Therefore, an SE with heavily doped electrodes

TABLE I

OVERVIEW OF THE CELL CHARACTERIZATION RESULTS (AM1.5G) WITH

DIFFERENT SURFACE CONDITIONS ON p-TYPE Si SOLAR CELLS.

THESE ARE OPEN-AREA EFFICIENCIES

Fig. 2. Measured carrier lifetimes and implied VOC of a 150-μm boron-
doped 1–2 � cm Cz Si wafer as a function of different Al2O3/SiNx stack
layers and excess carrier concentrations.

was also prepared for this purpose. The measured cell results
are shown in Table I. The maximum efficiency occurs when
Rsh is 70 �/sq. Although the lifetime structure shows a smaller
saturation current, the nonoptimized firing, and metallization
process could lead to even lower efficiency. The SE structure
of the emitter has different doping concentrations under met-
allized and nonmetallized areas and shows improved VOC and
efficiency due to more tolerant firing processes. The injection-
dependent lifetime of different Al2O3/SiNx stack layers was
also measured to determine rear-side optimization. Although
the charge polarities of SiNx and Al2O3 are different, an
effective negative charge can still be expected since the charges
have varying orders between these two layers. Because of the
low deposition rate, SiNx is suitable for serving as a capping
and insulating layer for Al2O3, where an effective negative
charge can still be maintained.

Fig. 2 shows the injection-dependent lifetimes of these
layer structures with various thicknesses. It can be seen that
as the thickness of the SiNx increases, the minority carrier
lifetime first improves until ∼150 nm where it is seen to
decay again. Although the samples were annealed at 450 °C
before SiN deposition, extra thermal processing may still be
beneficial for the charge activation. Nevertheless, extended
thermal annealing may cause blistering, which degrades the
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Fig. 3. Measured reflection as a function of wavelength on different
Al2O3/SiNx stack layer samples.

Fig. 4. Measured EQE as a function of wavelength for all split samples.

passivation when the SiN is too thick [9]. To optimize the rear-
side reflection, the reflections with different rear-side stacks
were measured and are shown in Fig. 3.

A comparison of the reflection of a single SiNx layer and
the Al2O3/SiNx stack indicates that the Al2O3/SiNx stack
layers not only provide excellent surface passivation, but
also exhibit good internal reflection. The optimized thickness
is 20/70-nm Al2O3/SiNx . To obtain good surface passiva-
tion and increase the JSC near the long-wavelength region,
20/90-nm Al2O3/SiNx stack layers were, however, studied
further. Table I also shows the measured efficiency of the
LBSF on the homogeneous emitter (70 �/sq) and optimized
front surface (the SE). Both JSC and VOC are improved due
to better passivation and internal reflection. The FF is seen to
incur a minor decrease because of the smaller contact ratio
of the hole current; a significant improvement of ∼0.4% to
1.1% in the absolute value is obtained, if both the SE and
LBSF are employed in the structure. To further demonstrate
the benefits of both the SE and LBSF structures, Fig. 4 shows
the measured EQE curves with the test structure used in this
letter. It can be observed that the EQE in the short-wavelength

region, 300–500 nm, is remarkably enhanced with a lightly
doped emitter. The Auger recombination in this region is
effectively suppressed, promoting an improved blue response.

Because of the smaller absorption coefficient of long-
wavelength light, the long-wavelength response is affected
by the rear-side passivation and the absorption of the light.
The increase of the long-wavelength response is due to
improved surface passivation and higher rear internal reflection
by the Al2O3/SiNx stack layers, and therefore an increase in
JSC and VOC is observed by applying the proposed stacks.
Here, a high VOC of 646 mV is demonstrated. The mea-
surement of implied VOC, however, still indicates a possible
improvement, up to 690 mV. The limiting factor is due to the
front emitter structure with an implied VOC of only 660 mV.
The results suggest that our proposed stack layer has great
promise for application to a more advanced emitter structures.

IV. CONCLUSION

In this letter, the VOC of an industrial screen-printed
p-type Si solar cell was successfully enhanced via improved
rear surface passivation using Al2O3/SiNx stack layers.
The carrier recombination at the surface can be effectively
suppressed with a light-doped emitter of 100 �/sq and
Al2O3/SiNx stack layers. The 20/90-nm Al2O3/SiNx stack lay-
ers, passivated on the rear side, not only improved the minority
carrier lifetime, but also enhanced rear internal reflection. Both
JSC and VOC were increased for silicon wafer-based solar cells.
This process may be cheaper and easier to implement from an
industrial standpoint.
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