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Abstract

This paper explores the potential of the negatively charged SiNx using plasma charge
injection technology to passivate the front textured boron-diffused emitter of n-type Si solar cells.
The high-x value single SiNx layer with x>1.30 (x=N/Si) previously developed for the planarized
rear-side passivation of p-type silicon solar cells, with an excellent passivation and charge stability,
was found to be unacceptable for the passivation on the front textured boron emitter of n-type cells
due to a severe bulk lifetime degradation issue. Therefore, in this study, we investigated a new
concept of depositing a dual-x SiNy with a low-x SiNy layer (x~1.01) on top of a high-x SiNy layer
(x~1.30) for passivation of the front textured rough surface of boron diffused emitter in n-type
cells. The optimized dual-x SiNx stack reveals the promise of charge retention for more than 25
years in field operation as well as excellent passivation of boron-doped emitter without bulk
lifetime degradation. N-type cells with the optimized dual-x SiNx after charge injection show
comparable cell performance to AlbO3 passivated reference cells. The results of cell-level light
stability tests using one-cell minimodules exhibit cell performance decay characteristics similar to

the traditional Al>O3 /SiNx passivated reference module.
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1. Introduction

High-quality surface passivation is critical to achieving high-performance Si solar cells
with a doped emitter or un-doped Si surface. Chemical passivation by reducing the Si dangling
bonds and field-effect passivation by creating charge-induced band bending at or near the Si
surface are well-known concepts for minimizing surface recombination velocity [1]. A stacked
layer of thin SiO; capped with silicon nitride (SiNy) is considered the best candidate for passivating
n-type Si surfaces (phosphorus-doped Si surface) because of the reduced interface defect density
due to SiO2 and high fixed positive charge density in SiNx with a large reservoir of hydrogen [2,3].
Similarly, on the p-type Si (boron (B)-doped surface), excellent surface passivation has been
accomplished by depositing aluminum oxide (Al20s3), which contains a high fixed negative charge
which induces bend bending coupled with a strong accumulation layer at the surface of a p-type
Si wafer. It is known that a low temperature thermal annealing of as-deposited Al,Os activates the
negative charge and grows a very thin hydrogenated SiO» (1-2 nm) between the Si and A,Os layer,
which also helps in reducing the chemical defect density at the interface [4—7]. Al2O3 deposition
is widely used for passivating B-doped emitters in n-type Si solar cells as well as p-type rear
surface in p-type PERC cells due to the combined effect of chemical and field-induced passivation.
However, unlike the low-cost PECVD tool used for SiNx deposition, Al,O3; deposition tools
involving trimethylaluminum (TMA) precursor have high operational cost and safety concerns due
to the potential of explosion when exposed to air. To replace Al>O3 tools with the conventional
low-cost PECVD-SiNx tool in the production line, Hwang developed a plasma-induced negative
charge injection technique that uses only safe gases (such as Argon or Helium) and demonstrated
a change in polarity of SiNx films from positive to negative by injecting enough electrons into the
traditional PECVD grown SiNx [8]. After that, Cho et al. and Min et al. demonstrated cell
performance enhancement by negative charge injection into the rear SiNy layer of a bifacial p-
PERC (Passivated Emitter and Rear Contact) cell as well as into the SiNx-coated B diffused emitter
of n-PERT (Passivated Emitter Rear Totally diffused) solar cells using the plasma charging tool
[9,10]. Even though the cell efficiency was shown to be comparable to Al,O3 passivated cells after
the charge injection process, the long-term stability of injected negative charge in SiNx was not
investigated. Recently, Chen et al. showed that the x-value (x=N/Si) in SiNx is critical for
achieving the long-term stability of injected electrons under one sun illumination. They

demonstrated that the negative charge injected thick (~150 nm) single-x SiNx films with x-value
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>1.29 have excellent charge retention capability after prolonged exposure to AM 1.5 visible light
at temperatures ranging from 55 to 78 °C for up to 300 hours [11], with a good passivation quality
for the planarized rear surface of p-PERC cells. Therefore, first we tried to use the high-x single
SiNx developed for the planarized rear passivation of p-PERC by reducing its thickness down to
80 nm for the compatibility with antireflection coating on the front textured B-doped emitter.
Unfortunately, we found that high-x SiNx coating led to severe bulk lifetime and cell performance
degradations. On the other hand, it was found that the bulk lifetime preservation and surface
passivation quality of a negatively charged SiNx with a low-x value (x~1.01) on B-diffused emitters
is as good as that for the Al,O3 layer [10], but it is not acceptable for the stability of injected
negative charge [11,12].

In this work, besides studying the negatively charged high- and low-x SiNy single layer
coatings, we investigated a dual-x SiNy stack (a low-x SiNyx layer on a high-x SiNy layer) to
passivate the textured B-diffused emitter of n-type Si solar cells to simultaneously achieve the
charge stability and the cell performance by combining and utilizing the desired attributes of each
layer. We performed a series of experiments to obtain an optimum ONO (Oxide-Nitride-Oxide)
passivation stack focusing on the dual-x SiNx. Each experiment included fabrication of test
samples, negative charge injection using the plasma charge injection technique [8], charge-stability

tests using C-V measurements and cell simulation tests using effective lifetime measurements.

2. Experimental details

First, test samples with an Oxide (SiOx) /Nitride (SiNx)/ Oxide (Si02) (ONO) stack were
prepared on a potassium hydroxide (KOH) etched planar Si wafer to investigate the injected
negative charge stability. After a saw damage removal by an etching process, test wafers received
POCI; diffusion followed by removal of phosphosilicate glass (PSG), deposition of PECVD SiOx
mask on the rear, and KOH etch of the front to remove n* doped layer and achieve a planar surface.
Next, a 10 nm thick thermal oxide was grown on both sides, followed by ~80 nm single layer SiNx
(x~1.01) deposition on the phosphorus diffused rear side. The sheet resistance was ~70 Q/0 on the
rear n* diffused side. For the front ONO stack, single-x SiNx with x~1.30 or 1.01 as well as dual-
x SiNx (x~1.30/1.01) with a total thickness of ~80 nm were deposited on top of a 10 nm thermally
grown SiO2 on Si, followed by PECVD deposition of SiOx (~30 nm) on the top of the front SiNx
to make the ONO stack, as shown in Figurel(a). Note that for the dual-x SiNx deposition, SiNx
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with x~1.30 was deposited first on top of the thermally grown SiO on front, followed by the
deposition of SiNx with x~1.01 on top of it. To define the properties of the middle SiNx layer in
the ONO stack, the x-value in SiNx was calculated from the measured refractive index (n) at 633
nm, using the following empirical formula (1) [13, 14]:

[N] _ 4'(na—Si:H_n) — i(3-3_n) (1)
[Si] 3(n+na—si:H—2Na-sizgN,) 3 (n—0.5)

where nasi:n=3.3 and na-sizng=1.9 are the refractive index of amorphous silicon (a-Si:H)
and nearly stoichiometric silicon nitride (a-Si3Na4), and 7 is the measured refractive index of silicon
nitride (SiNy), respectively.

Finally, the Ag metal grid patterns were screen-printed on the rear side and fired in a belt
furnace at ~750 °C peak temperature. The rear side structure with metal grid contact was formed
to help obtain better contact when the positive voltage is applied on the back of the sample during
the negative charge injection in the front ONO stack [8]. The negative charge injection into these
samples was performed using a plasma charging system with optimized charging condition
described in a previous publication [11]. The injected charge density in the ONO stack was
determined by capacitance-voltage (C-V) measurements using a mercury probe. The simulated
UV filtered AM1.5 visible light spectrum was obtained from a solar AM1.5 simulation light source
from a 300-watt Xenon arc lamp to represent the actual spectrum seen by the cells because solar
modules consist of glass with an encapsulant buffer which cuts off UV light from incident sunlight
[11]. The sample temperature was kept at 55 °C (131°F) during the exposure time. It is noted that
due to a serious leakage current problem in C-V measurements on the textured B emitter surface,
we had to use a separate test structure, schematically shown in Figure 1(a), for charge stability
tests.

After testing the charge stability, passivation and bulk properties were investigated, with
and without metallization, after high-temperature contact firing process using a test cell structure,
shown in Figure 1(b) to select the best ONO stack on the B emitter. This test cell structure has the
B emitter on the front with a sheet resistance of 120 Q/o capped with the same ONO stacks on the
front and same SiO»/SiNy passivation on the rear side of the n-type wafer, as shown in Figure 1(b).
The implied Vo (Vo) was measured on a sample without metallization by the quasi-steady state

photoconductance (QSSPC) technique before and after the simulated firing process (referred to



‘sample without metal’). Some other samples from the same batch were then screen printed with
Ag/Al paste only on the B emitter side followed by the same firing process to investigate the effect
of metal contact-induced recombination on the bulk property. The iV,c measurement was
performed after removing the metal paste by dipping into HCI/H>O2/DI mixed solution, leaving
behind embedded metal crystallites in the contacted surface of the emitter (referred to ‘sample with
metal’).

To further investigate the bulk lifetime degradation on the cell, we fabricated n-type PERT
cells with the B diffused emitter on the front and the full area phosphorus diffused back surface
field on the rear side, as shown in Figurel (c). The front B emitter was passivated with thermally
grown Si0; capped with low-x and high-x single SiNx, while the reference sample was passivated
with Al,O3 capped with low-x single SiNx. After that, Ag/Al metal paste was screen-printed on the
front side using a screen with 106 grid lines and five non-floating busbars, followed by Ag paste
screen printing on the rear side. All samples were fired at 750 °C to make metal contacts. The
samples with the front ONO stack received a negative charge injection, as described in the previous
report [8].

After preliminary testing of the surface passivation, bulk lifetime, and charge stability for
the different SiNx stacks involving single- and dual-x SiNx layers with different thickness
combinations, we applied the optimized ONO stacks on the front B emitter of n-type Si solar cells
with tunnel oxide passivated contact (TOPCon) on the rear side (Figure 1(d)). The metallization
and charge injection processes were identical to the n-type PERT cell. The n-type cells with the B
emitter passivated with Al2O3/SiNx on the front and n-TOPCon on the rear side were also
fabricated for reference. The cell efficiency was measured by a Sinton Instrument’s flash IV tester
(FCT 450), and internal quantum efficiency (IQE) was measured on the finished cells before and
after negative charge injection. Finally, several mini-modules were made using the charge-injected
n-type TOPCon Si solar cells using standard module components such as tempered glass, PV
ribbons, encapsulant (EVA), and back sheets, as illustrated in Figure 6. The mini-modules were
exposed to AM 1.5 simulation light at 60 °C without any UV filter and the stability of injected

charge was determined by measuring light I-V data as a function of exposure time.

3. Results and discussions



3.1. Injected negative charge stability of 80 nm thick single layer SiNx with high-x value
(x~1.30) and a dual-x SiNx layer (x~1.30/1.01)

Figure 2 shows C-V curves of the test samples (Figure 1(a)) with different dielectric
combinations before and after charge injection as well as before and after simulated visible light
exposure after the charge injection. As expected, the negative flat-band voltage (V) shifted from
left to right toward the positive voltage after negative charge injection for all the ONO samples,
including an 80 nm thick single layer SiNx (x~1.30) and three different thickness combinations of
dual-x SiNy (x~1.30/1.01) with total SiNx thickness of ~80 nm (Figure 2). This positive Vg, shift
confirms that electrons were successfully injected into the thin SiNx layer, changing the charge
polarity from positive to negative in the ONO stack (the red arrow). For the injected negative
charge stability test, simulated light exposure was performed on all charge-injected test samples.
It also shows that the Vg or the C-V curve moves from right to left or toward the lower positive
voltage region when the light exposure time increases, as indicated by the blue arrow. Such a shift
implies that the injected negative charge gradually decreases. Using the shift in Vi, as a function
of exposure time, we can quantify the injected charge decay properties.

Figure 3(a) shows Vg, decay curves for the ONO stacks with single-x SiNx as a function of
visible light exposure time. We analyzed the measured Vi, data with a power-law fit to assess the
loss rate of the injected negative charge. Note that the projected flat-band voltage for the single-x
SiNx (x~1.30) sample at an extrapolated time of 50,000 hours (equivalent to 25 years of field
operation) remains above +6 V. This confirms that the high-x SiNx layer has an excellent charge
stability as reported in our previous publication [11]. In contrast to high-x single SiNx layer, the
samples with the low-x single SiNx (x~1.01) showed a much more rapid decrease in charge or Vg,
with simulated visible light exposure. Chen et al. explained this difference in the charge stability
as a function of x on the basis of dispersive hydrogen transport; they proposed a loss mechanism
where negatively charged hydrogen (H") diffuses through the nitride and the bottom oxide to the
substrate [11]. While the low-x single SiNy (x~1.01) has poor charge stability, it provides excellent
bulk and surface passivation because it has a higher density of Si-H bonds than N-H bonds [3,15].
It is well known that hydrogen released from Si-H bonds during high-temperature firing effectively
passivates the interface and bulk defects, such as dangling Si bonds. In addition, the low-x single
SiNx layer is uniformly and conformally deposited on a rough textured surface, preventing metal

contamination during high-temperature metal firing process.
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To combine the advantages of charge stability of high-x SiNx layer and superior passivation
quality of low-x SiNy layer, we investigated the charge stability of dual-x SiNx layers with different
thickness combinations of low and high-x SiNx layers while keeping the total stack thickness of
~80 nm. This was done by first depositing a high-x SiNy layer on top of the bottom 10 nm SiO-,
followed by sequential deposition of a low-x SiNy on top of the high-x SiNx layer in an attempt to
improve the passivation properties of Si solar cells without sacrificing the charge stability. We
adjusted high- and low-x SiNx thicknesses while keeping the total stack thickness around ~80 nm
to maintain the surface reflectance properties. Figure 3(b) shows the measured Vg, decay as a
function of the light exposure time with the power-law fitted curve using the last three measured
points. As expected, the Vg, or charge decay slows with the increase in thickness of high-x SiNx
layer in the ~80 nm dual-x SiNx stack. It was found that the high-x SiNx thickness should be above
40 nm to retain negative charge density after 50K hours of exposure time. Next to find the effects
of the low-x SiNx thickness, we investigated the charge stability of stacks with different thicknesses
(10-30 nm) of low-x SiNx layer on ~50 nm thick high-x SiNx layer. The fitted curve in Figure 3(c)
shows a high positive Vi, value or good charge stability for all the samples even when extrapolated
to 50K hours of illumination. This indicates that the charge stability is relatively insensitive to the
thickness of low-x SiNx layer on top of the 50 nm high-x SiNx layer.

Table 1 shows the calculated negative charge density before simulated light exposure and
at the extrapolated 50K hours for the single high-x and dual-x SiNx with Al,O3 reference. The
injected negative charge density (Qneg) decreased after S0K hours exposed to light, but still
remained above 2E12 cm™ for the dual-x SiN stack, which is comparable to the Al,O3 reference

sample.

3.2. Passivation properties of negative charge injected single layer SiNx and and dual-x SiNx

stack and its impact on the n-type cells with optimized ONO stack

To find an optimum combination of single- or dual-x SiNx layer for the application to n-
type Si solar cells, we investigated the effect of high-x single SiNx and dual-x SiNy on passivation
properties after a typical high-temperature contact firing process, with and without metal. Figure
4 shows the measured 1V, of the test cell structure with B emitter passivated with the different
ONO stacks (Figure 1(b)). For the reference sample with a low-x single SiNx layer (x~1.01), iV

increased from 655 to 690 mV after simulated firing without metallization (according to Fig. 1b,



left). The increased 1V, is attributed to the release of hydrogen from the SiNy after the firing
process, which can improve surface and bulk passivation. For the same samples with the front
metallization (metal contact fraction ~ 5%) on the B emitter (according to Fig. 1b, right), iVoc
showed a ~15 mV drop (690 to 675 mV) due to increased metal-induced recombination. This is
quite reasonable, and the low-x single SiNy layer has a suitable passivation quality.

On the other hand, for the high-x single SiNx layer sample without metal, the starting iVoc
was 660 mV and did not increase as much as the low-x single SiNx sample after the simulated
firing process, probably due to less hydrogen content in the high-x single SiNx layer [16], but iV
dropped significantly from 660 to 610 mV with the sample with metal. Therefore, the big 1V, drop
for the latter case must be associated with the combination of metal printing and firing but not by
the high temperature firing alone. To check this degradation in solar cells, we fabricated n-type
PERT (Passivated Emitter Rear Totally diffused) cells with the B emitter passivated with ONO
stacks using high- and low-x single SiNx layer. As shown in Figure 5(a), IQE measurements
showed excellent surface passivation in the short wavelength region (<700 nm) after the negative
charge injection, which was comparable to the Al,O3 passivated cells. However, the cells with a
high-x single SiNy showed significantly lower IQE response in the long wavelength region (>700
nm), indicating bulk lifetime degradation which is consistent with the big drop in 1V (Figure 4).
The reason for the degradation at this point is not fully known and is still under investigation.

To overcome the bulk lifetime degradation after metal firing of high-x single SiNx layer,
we tested dual-x SiNx stacks with different combinations of low- and high-x SiNx layers to prevent
degradation in bulk lifetime while preserving charge stability. It was found that the low-x SiNx
layer (x~1.01), with a thickness above 20 nm on top of the high-x SiNx layer, can prevent
degradation in both passivation and bulk lifetime during the metal contact formation by the high-
temperature firing process (Figure 4). This is probably due to the uniform and conformal coverage
of low-x SiNx layer that covers the pinholes or weak spots of high-x SiNx layer. Therefore, an ONO
passivation stack with 30 nm low-x and 50 nm high-x SiNx layers was chosen for B diffused
emitters of n-type Si solar cells fabricated in the following section.

To test and validate cell performance and charge retention stability in ONO passivated cells,
we fabricated n-TOPCon cells with B diffused emitter passivated with the optimized ONO stack,
as shown in Figure 1(d). The finished cells received a negative charge injection in the ONO stack.

Table 2 shows the average value of five important n-TOPCon cell parameters before and after



charge injection along with the reference cells passivated with Al,O3/SiNx stack. Note that, as
expected, the cell efficiency increased significantly from 20.0 to 21.4 % with a considerable
increase in Voc (+ 22 mV) and Jsc (+1.3 mA/cm?) after the negative charge injection process. This
increase in cell efficiency is the result of improved front surface passivation due to switching from
depletion to accumulation of holes at the front surface of the B emitter after the negative charge
injection. This is also supported by the measured IQE data (Figure 5(b)) which showed a
significant increase in spectral response in the short wavelength range and no change in the long
wavelength region. It is also noteworthy that the ONO passivated cells with injected charge and
ADO3/SiNy passivated cells show identical IQE response over the entire wavelength range
(400~1200 nm), which demonstrates the same passivation quality on B emitter without any bulk
degradation. The final cell efficiency of charged n-type cells after prolonged visible light exposure
is also very close to Al,O3/SiNx passivated cell performance, as shown in Table 2. Further
optimization of charging process and of the thickness of ONO stack may be able to produce higher

cell performance.

3.3. Stability of Mini-Module performance fabricated using n-type-Si solar cells with charge
injected ONO stack on B emitter

We fabricated five one-cell mini-modules using the n-TOPCon solar cells with negative
charge injected ONO stack on B emitter and two one-cell mini-modules using Al>O3 reference
cells. After soldering Ag ribbons to interconnect the five busbars on the front and rear, glass/EVA
films on the front and back sheet/EVA films on the rear side were placed on the cells, followed by
the lamination process. Figure 6 shows the photograph of the front and back sides of the finished
modules. The front side of the mini modules was exposed to AM 1.5 simulated light without any
filter, and the cell/module performance was measured after cumulative time intervals of 1, 2, 5,
and 10 days. It is noted that short-circuit current values and cell efficiencies showed a significantly
decrease in going from cell to minimodule for both of ONO and Al>O3 coated cells mainly due to
effective area reduction by metal wiring on the front side and light reflection and absorption
through glass and encapsulant. On the other hand, open-circuit voltage (Vo) and pseudo fill-factor
(pFF) data show almost no change in going from cell to minimodule. The module V.. and pFF for
the Al2O3/SiNx passivated cells decreased from 688 to 685 mV and 81.5 to 81.2%, respectively,
after ten days (240 hours) of light exposure. The charge-injected ONO passivated cells showed a



drop in Vo from 680 to 673 mV but no appreciable change in pFF (~82.4 %). Both Al,O; and
negative charge injected dual-x SiNx passivation schemes showed identical decrease in absolute
efficiency (-0.6%) after ten days of illumination. Figure 7 shows the normalized average V. and
pFF drop as a function of light-exposure time of mini-modules made from the negatively charged
ONO stack as well as AlbOs3 reference cells. Note that the Al,Os cells showed slightly better
stability than negatively charged ONO passivated cells, but both showed excellent light stability
with less than 1% degradation after 240 hours. The least-square fitted curves using a power-law
function of time reveal ~0.6 % degradation for the Al>O; reference cells and ~1.4 % for the charged
ONO passivated cells in the projected Vo value at an extrapolated time of 50K hours (25 years of
field operation), whereas the pFF is stable for both. Note that projected V. after 50K hours remains
higher than the pre-charging value of Vo (658 mV), indicating a significant amount of injected
charges remains even after S0K hours of light exposure. Table 3 shows the calculated maximum
power loss (Pmax) after SOK hours using the fitted plots for the n-TOPCon mini-modules with
negative charge injected dual-x SiNx ONO stack with Al,O3 reference. Both showed a very similar
degradation ratio with ~6%. Thus, the cells passivated with negatively charged ONO stacks should

be almost as stable as Al,O3 passivated cells in the field.

4. Conclusions

In this paper, we observed a significant bulk lifetime degradation when a high-x single SiNx
layer is used for passivating the textured B emitter on the front side of n-type cells. We found that
the use of a dual-x SiNx stack with a low-x layer (x~1.01) SiNx layer on top of a high-x SiNx layer
(x~1.30) prevents lifetime and surface passivation degradation upon metal contact firing while
preserving the charge stability. Our investigation results indicate that the high-x SiNx thickness
should be thicker than 40 nm to achieve the charge stability comparable to the high-x SiNx layer
and the low-x SiNx layer thickness should be thicker than 20 nm to achieve the passivation and
cell performance comparable to the low-x single SiNx layer. We obtained an optimized ONO
composed of dual-x SiNx (x~1.01 (30 nm) layer stacked on x~1.30 (50 nm) layer) sandwiched
between two oxide layers. This stack on top of the B emitter gives excellent charge stability,
passivation and cell performance. We demonstrated a significant cell efficiency improvement by
negative charge injection in the optimized ONO stack from 20% efticiency to 21.4% which was
comparable to the Al,O3/SiNx passivated reference cells made from the same fabrication batch.

From minimodule light stability tests, we also demonstrated cell performance decay characteristics
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follows a power-law function of light exposure time similarly to the flat-band voltage decay curves.
The projected cell performance of the n-type cells with charged ONO passivation stack at an
extrapolated time of 50,000 hours (equivalent to 25 years of field operation) is found to be similar
to that of Al2O3 reference. This study confirms our charge injection technology with optimized
ONO passivation stack can be used for n-type cells as a viable alternative to the current Al,O3

passivation technology with some cost benefit.
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Table 1. Results of the charge density analysis of single- x SiNy layer and dual-x SiNy stack with
various thickness combinations.

. : Q. (102 cm?)
Layer x-value of SiN, Thickness (nm) @0 hoursj @ 50K hours

Single SiN, 1.30 80 10.5 2.19
20/60 6.22 1.22
1.30/1.01 40/40 7.71 1.76
Dual-x SiN 60/20 7.51 3.40
X 50/30 5.02 2.51
1.30/1.01 50/20 5.74 2.72
50/10 5.72 2.76

Reference Al,0,/SIiN, 3/80 2~25

Table 2. Comparison of measured five average Light Current-Voltage (LIV) results of n-TOPCon
with the optimized dual-x SiNx stack before and after negative charge injection and n-TOPCon

with AbO; layer.

Jsc o o Rs
Samples Voc(mV) (mA/cm) FF(%) Eff(%) n at 1sun (ohm-cm?)
Pre-Charging  658+2 39.1¢0.2 77.9+0.5 20.0+0.2  1.15¢0.05  0.79+0.2
Post-Charging 6805 40.4+0.1 77.740.5 21.4+0.2 1.16£0.04  0.74%0.2
Reference 686+5 40.7+0.1 77.7¢0.5 21.7+03  1.16+0.05  0.74+0.1

(A1;03-3nm/SiN,)

Table 3. Calculated degradation ratio in maximum power (Pmax) after SOK hours using the fitted
plots for the n-TOPCon mini-modules with negative charge injected dual-x SiNx stack and with

ADLOs layer.

Starting P y=at? (log-log plot)
Parameters Samples (W) ™ Decay slope P ax (W) Decrease
(exponent) @ 50k hrs (%)
R‘?Erg“;:e 4.83 -4.6E-03 4.55 5.8
stac 4.80 -4.9E-03 4.50 6.2
(Post-charging)
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Figure Captions

Figure 1. Schematic images of (a) Test ONO structure to test the stability of injected charge (b) Test cell
structure with the B emitter passivated with ONO stacks using single-x SiNy and dual-x SiNy for evaluation
of passivation quality with and without metal (c) Fabricated n-PERT Si solar cells with low- and high-x
single SiNy on the front B emitter to test bulk lifetime degradation (d) Fabricated n-TOPCon Si solar cells
with optimized ONO stacks on the front B emitter to test charge injection.

Figure 2. Measured capacitance-voltage(C-V) curves from the test ONO sample before and after charge
injection as functions of an exposure time under simulated visible light (a) the high-x single SiNy (x~1.30);
(b) the dual-x SiNy (x~1.30/1.01, d = 20/60 nm); (c) the dual-x SiNy (x~1.30/1.01, d = 40/40 nm); (d) the
dual-x SiNy (x~1.30/1.01, d = 60/20 nm).

Figure 3. Flat-band voltage (V) decay curves from (a) the two different single SiNy layers (x~1.30 and
1.01) and (b) three different dual-x SiNy layers with a total thickness of 80 nm (x~1.30 and 1.01) (c) three
dual-x SiNy with different thickness (10/20/30nm) of low-x SiNy on top of the fixed thickness of high-x
SiNy (~50 nm).

Figure 4. Measured iV, from the test cell structures with B emitter passivated with different ONO stacks
before and after simulated firing and also with and without metal. (a) single high-x or low-x SiNy (b) dual-
x SiNy stacks (low-x SiNy on top of high-x SiNy).

Figure 5. Measured internal quantum efficiency (IQE) and reflectance of n-type Si solar cells with a B
emitter passivated with ONO stacks using (a) high- and low-x single SiNy (n-PERT cell) and (b) dual-x
SiNy before and after charge injection with the Al,O; reference cell (n-TOPCon cell).

Figure 6. Photograph images of the one-cell mini-module fabricated by an n-type Si solar cell to test
charging stability under AM 1.5 simulated light.

Figure 7. Normalized V. and pFF from the mini-modules as a function of AM 1.5 simulated light exposure
time.

14



References

[1]

[10]

[11]

AG. Aberle, Surface passivation of crystalline silicon solar cells: A Review, Prog.
Photovolt.: Res. 8 (2000) 473-487. http://doi/10.1002/1099-
159X(200009/10)8:5<473::AlID-PIP337>3.0.CO;2-D.

S. Dauwe, J. Schmidt, A. Metz, R. Hezel, Fixed charge density in silicon nitride on
crystalline silicon surfaces under illumination, in: Conference Record of the 29th IEEE
photovoltaic specialists conference (2002) 162-165. http://10.1109/PVSC.2002.1190481.
J.-F. Leliévre, E. Fourmond, A. Kaminski, O. Palais, D. Ballutaud, M. Lemiti, Study of
the composition of hydrogenated silicon nitride SiNx:H for efficient surface and bulk
passivation of silicon, Sol. Energy Mater. Sol. Cells 93 (2009) 1281-1289.
http://doi.org/10.1016/j.solmat.2009.01.023.

B. Hoex, S. B. S. Heil, E. Langereis, M. C. M. van de San den, W. M. M. Kessels, Ultralow
surface recombination of c-Si substrates passivated by plasma-assisted atomic layer
deposited Al,O3, Appl. Phys. Lett. 89 (2006) 042112. http://doi.org/10.1063/1.2240736.
B. Hoex, J. J. H. Gielis, M. C. M. van de Sanden, W. M. M. Kessels, On the c-Si surface
passivation mechanism by the negative-charge-dielectric Al,O3, J. Appl. Phys. 104 (2008)
113703. https://doi.org/10.1063/1.3021091.

K.H. Min, S. Choi, M. S. Jeong, S. Park, M. G. Kang, J. I. Lee, Y. Kang, D. Kim, H.-S.
Lee, H.-E. Song, Wet chemical oxidation to improve interfacial properties of Al>O3/Si and

interface analysis of Al2O3/S10«/Si structure using surface carrier lifetime simulation and
capacitance-voltage measurement, Energies 13 (2020) 1803.
https://doi.org/10.3390/en13071803.

K.H. Min, S. Choi, M. S. Jeong, M. G. Kang, S. Park, H. -E. Song, J. I. Lee, D. Kim,
Investigation of interface characteristics of AloO3/Si under various Oz plasma exposure
times during the deposition of Al,03; by PA-ALD, Curr. Appl. Phys. 17 (2019) 155-161.
https://doi.org/10.1016/j.cap.2018.09.004.

J.-M Hwang, Plasma charge injection technology and its application to c-Si solar cells for
field-effect passivation, J Appl. Phys. 125 (2019), 173301.
http://doi.org/10.1063/1.5087725.

E. Cho, Y.-W Ok, J. Hwang, A.D. Upadhyaya, J.K. Tate, F. Zimbardi, A. Rohatgi, Field-
effect passivation by charge injection into SiNx using a novel low-cost plasma charging
method, in Proceeding of 43rd IEEE Photovoltaic Specialist Conference (PVSC) (2016)
2874-2877. 10.1109/PVSC.2016.7750180.

K.H. Min, J.-M. Hwang, E. Cho, H. Song, S. Park, A. Rohatgi, D. Kim, H.-S. Lee, Y.
Kang, Y.-W. Ok, and M. G. Kang, Analysis of the negative charges injected into a SiO>
/SiNy stack using plasma charging technology for field-effect passivation on a boron-
doped silicon surface, Prog. Photovolt.: Res. Appl. 29 (2021) 54-63.
https://doi.org/10.1002/pip.3340.

C. Chen, J.-M. Hwang, Y.-W Ok, W.-J Choi, V. Upadhyaya, B. Rounsaville, A. Rohatgi,
Investigation of long-term light stability of negative charge injected into oxide-nitride-

15


https://doi.org/10.1109/PVSC.2002.1190481
http://doi.org/10
https://doi.org/10.1016/j.cap.2018.09.004
https://doi.org/10.1109/PVSC.2016.7750180
https://www.researchgate.net/publication/346093333_Analysis_of_the_negative_charges_injected_into_a_SiO_2_SiN_x_stack_using_plasma_charging_technology_for_field-effect_passivation_on_a_boron-doped_silicon_surface?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoiX2RpcmVjdCJ9fQ
https://www.researchgate.net/publication/346093333_Analysis_of_the_negative_charges_injected_into_a_SiO_2_SiN_x_stack_using_plasma_charging_technology_for_field-effect_passivation_on_a_boron-doped_silicon_surface?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoiX2RpcmVjdCJ9fQ
https://www.researchgate.net/publication/346093333_Analysis_of_the_negative_charges_injected_into_a_SiO_2_SiN_x_stack_using_plasma_charging_technology_for_field-effect_passivation_on_a_boron-doped_silicon_surface?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoiX2RpcmVjdCJ9fQ

[12]

[13]

[14]

[15]

[16]

oxide passivation stack of crystalline silicon solar cells, J. Appl. Phys. 132 (2022),
213302. https://doi.org/10.1063/5.0111681.

K.H. Min, J.-M. Hwang, C. Chen, W.-J. Choi, V.D. Upadhyaya, B. Rounsaville, A.
Rohatgi, Y.-W. OK, Investigation of High Nitrogen Composition SiNx for Textured Front
Surface Passivation of n-Type Silicon Solar Cells in Terms of Light Stability of Injected
Negative Charge and Cell Performance, in Proceeding of IEEE 50" Photovoltaic
Specialists Conference (PVSC) (2023) 1-3. 10.1109/PVSC48320.2023.10359641.
W.AP. Claassen, W.G.J.N. Valkenburg, F.H.P.M. Habraken and Y. Tamminga,
Characterization of plasma silicon nitride layers, J. Electrochem. Soc. 130 (1983), 2419—
2423. http://dx.doi.org/10.1149/1.2119600.

E. Bustarret, M. Bensouda, M. C. Habrard, J. C. Bruy¢re, S. Poulin, and S. C. Gujrathi,
Configuration statistics in a-SixNyH; alloy: A quantitative bonding analysis, Phys. Rev. B
38 (1988) 8171. https://doi.org/10.1103/PhysRevB.38.8171.

S. Jafari, J. Hirsch, D. Lausch, M. John, N. Bernhard, S. Meyer, Composition limited
hydrogen effusion rate of a-SiNx:H passivation stack, AIP Conf. Proc. 2147 (2019)
050004. https://doi.org/10.1063/1.5123853.

J.E. Kim, S.J. Park, J.Y. Hyun, H. Park, S. Bae, K.-S. Ji, H. Kim, K.D. Lee, Y. Kang, D.
Kim, Characterization of SiNx:H thin film as a hydrogen passivation layer for silicon
solar cells with passivated contacts, Thin Solid Films 675 (2019) 109-114.
https://doi.org/10.1016/j.ts£.2019.02.016.

16


https://doi.org/10.1016/j.tsf.2019.02.016

Figures 1 of 7

(a) (b) i
Without metal With metal
_~ PDO-Si0, (~30 nm)
PDO-5i0, (~30 nm) f y \
Single- or dual-x SiN, layer (~80 nm)
N Single- or dual-x SiN, layer
Thermal $i0, (~10 nm) .
n-type wafer : ~ 3 Q-cm > U /4 Thermal Si0, (~10 nm)
e . n* diffused BSF p* emitter Metal removal area /

(Ag crystallites)

-
" —
I D . r-type waer : 1 0rem

) I S Silicon nitride(SiN, )
Ag metal

Negative charge injection & o
5

% 8 d - 5 5
(c) 5 o (d) .
G G +* = G 'l hd 5
Y + v § Ag/Al metal [ ¥ ' | |
N ' \ Ty Y Dual-x SiN, (~80 nm)
VAW < N W
VYWWWYWWAWY ... W WA
n-type wafer n-type wafer

§i0,(~1.5 nm)

. Ag metal . n* poly Si : 150 nm

Figure 1. Schematic images of (a) Test ONO structure to test the stability of injected charge (b) Test cell
structure with the B emitter passivated with ONO stacks using single-x SiN, and dual-x SiNy for evaluation
of passivation quality with and without metal (c) Fabricated n-PERT Si solar cells with low- and high-x
single SiNy on the front B emitter to test bulk lifetime degradation (d) Fabricated n-TOPCon Si solar cells
with optimized ONO stacks on the front B emitter to test charge injection.
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Figures 2 of 7
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Figure 2. Measured capacitance-voltage(C-V) curves from the test ONO sample before and after charge
injection as functions of an exposure time under simulated visible light (a) the high-x single SiNy (x~1.30);
(b) the dual-x SiNy (x~1.30/1.01, d = 20/60 nm); (c) the dual-x SiNx (x~1.30/1.01, d = 40/40 nm); (d) the
dual-x SiNy (x~1.30/1.01, d = 60/20 nm).
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Figure 3. Flat-band voltage (V) decay curves from (a) the two different single SiNy layers (x~1.30 and
1.01) and (b) three different dual-x SiNy layers with a total thickness of 80 nm (x~1.30 and 1.01) (c) three
dual-x SiNy with different thickness (10/20/30nm) of low-x SiNy on top of the fixed thickness of high-x SiN
(~50 nm).
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Figures 4 of 7
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Figure 4. Measured iV, from the test cell structures with B emitter passivated with different ONO stacks
before and after simulated firing and also with and without metal. (a) single high-x or low-x SiNy (b) dual-
x SiNj stacks (low-x SiNx on top of high-x SiNy)
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Figures 5 of 7
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Figure 5. Measured internal quantum efficiency (IQE) and reflectance of n-type Si solar cells with a B
emitter passivated with ONO stacks using (a) high- and low-x single SiNx (n-PERT cell) and (b) dual-x
SiNy before and after charge injection with the AlO; reference cell (n-TOPCon cell).
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Figure 6. Photograph images of the one-cell mini-module fabricated by an n-type Si solar cell to test
charging stability under AM 1.5 simulated light.
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Figure 7. Normalized Voc and pFF from the mini-modules as a function of AM 1.5 simulated light
exposure time.
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