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ABSTRACT

Despite the optical advantage of near-zero reflection, the silicon nanowire arrays (SiNWs)-based solar cells cannot yet achieve
satisfactory high efficiency because of the serious surface recombination arising from the greatly enlarged surface area. The
trade-off between reflection and recombination fundamentally prevents the conventional SiNWs structure from having both
minimal optical and electrical losses. Here, we report the simultaneous realization of the best optical anti-reflection (the solar
averaged reflectance of 1.38%) and electrical passivation (the surface recombination velocity of 44.72 cm/s) by effectively
combining the Si nano/microstructures (N/M-Strus) with atomic-layer-deposition (ALD)-Al2O3 passivation. The composite
structures are prepared on the pyramid-textured Si wafers with large-scale 125×125mm2 by the two-step metal-assisted
chemical etching method and the thermal ALD-Al2O3 treatment. Although the excellent optical anti-reflection is observed
because of the complementary contribution of Si N/M-Strus at short wavelength and ALD-Al2O3 at long wavelength, the
low recombination has also been realized because the field effect passivation is enhanced for the longer and thinner SiNWs
through the more effective suppression of the minority carrier movement and the reduction of the pure-pyramid-textured
surface recombination. We have further numerically modeled the Al2O3-passivated Si N/M-Strus-based solar cell and obtain
the high conversion efficiency of 21.04%. The present work opens a new way to realize high-efficiency SiNWs-based solar
cells. Copyright © 2014 John Wiley & Sons, Ltd.

KEYWORDS

silicon nanowires; large scale; atomic layer deposition; Al2O3; field effect passivation; minority carrier lifetime

*Correspondence

Wenzhong Shen, Laboratory of Condensed Matter Spectroscopy and Opto-Electronic Physics, and Key Laboratory of Artificial Struc-
tures and Quantum Control (Ministry of Education), Department of Physics, and Institute of Solar Energy, Shanghai Jiao Tong Univer-
sity, Shanghai 200240, China.
E-mail: wzshen@sjtu.edu.cn

Received 3 December 2013; Revised 5 March 2014; Accepted 25 March 2014

1. INTRODUCTION

Over the past few years, vertically aligned silicon nanowire
arrays (SiNWs) have attracted substantial interests, because
of the ultralow reflection over a broad range of incident
angles [1,2] and a promising application to the high-
performance solar cells at low cost [3–8]. The excellent
anti-reflection of SiNWs is due to the formation of the den-
sity-graded layer with features smaller than the wavelength

of light or the increase of the path length for the surface
features larger than the wavelength of light [9–11]. Unfortu-
nately, despite the excellent optical advantages, the SiNWs-
based solar cells show yet unsatisfied energy conversion
efficiencies (η) because of the serious surface recombination
arising from the concomitant high surface–volume ration.
Many research groups have carried out many beneficial tries
to minimize the optical and electrical losses and have indeed
made great progresses in the performance of SiNWs-based
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solar cells [12–25]. Oh et al. [26] have reported an 18.2%
efficient nanostructure black Si solar cell through controlling
the front surface area and Auger recombination. However,
the improvement of these solar cells implies a fact that the
high η requires the short nanostructure length, because of
the careful balance between the reflection and the photo-
carrier recombination. In other words, the minimum optical
and electrical losses cannot be simultaneously achieved in
these Si-nanostructure-based solar cells.

It is well known that the surface passivation plays a
crucial role in improving cell performance by reducing
the surface recombination. Thermal oxidation, carbon thin
films, and chlorine dielectric treatments have been widely
studied in SiNWs-based solar cells [16,27,28]; however,
these processes offer limited improvement because they
merely provide the chemical passivation through saturating
the dangling bonds. Another treatment of atomic-layer-
deposition (ALD)-Al2O3 thin film not only yields the
excellent chemical passivation but also results in a strong
field effect passivation because of the fixed charges carried
by the interface of Si/Al2O3, which can substantially re-
duce the surface recombination velocity (SRV) [29–34].
In the ALD-Al2O3-passivated n-type planar Si, Wang
et al. [35] have reported a low density of the interface traps
of ~1.8 × 1011 cm�2/eV and a high fixed charge density of
approximately �3 × 1012 cm�2, which indicate the good
chemical and field effect passivation, respectively. Saint-
Cast et al. [36] achieved an η of 21.3% by applying the
ALD-Al2O3 thin film to the rear surface of the p-type
passivated emitter and rear cell (with the area 20× 20mm2).

In this paper, we report the realization of both
increasing effective minority carrier lifetime and reducing
reflectance with the increase of SiNWs length, which
guarantees the simultaneous achievement of the best opti-
cal (the lowest solar averaged reflectance of 1.38%) and
electrical (the lowest SRV of 44.72 cm/s) performance.
The success lies in a combination of the ALD-Al2O3 with
the compound Si nano/microstructures (N/M-Strus) con-
sisting of nanoscale SiNWs and microscale pyramid
texture. The composite structure exhibits the stronger field
effect passivation for the longer and thinner SiNWs and the
reduced pure-pyramid-textured surface recombination,
together with a complementary anti-reflection characteris-
tic of the Si N/M-Strus at the short wavelength and the
ALD-Al2O3 at the long wavelength. The output perfor-
mance of the Al2O3-passivated Si N/M-Strus-based solar
cells is simulated by PC1D software, and the highest η
reaches up to 21.04%.

2. EXPERIMENT AND STRUCTURE

Figure 1(a) presents the main synthesis process of Al2O3-
passivated Si N/M-Strus through the two-step metal-assisted
chemical etching (MACE) method and ALD-Al2O3 treat-
ment. First, the solar grade p-type (100) Czochralski-Si
(Cz-Si) wafers (resistivity ~2Ωcm, thickness ~180μm, and
a large-scale 125× 125mm2 with a pyramid texture) were
cleaned in acetone and alcohol by ultrasonic washing for
30min, respectively, and then immersed in 5% (volume

Figure 1. Process flow and SEM characterization of Si N/M-Strus. (a) The flow schematic diagram of the preparing process. (b) The
oblique-view SEM image of as-prepared Si N/M-Strus. Inset is the high magnitude SEM image of SiNWs on the facet of microscale
pyramid texture. (c) The oblique-view SEM image of the ALD-Al2O3-coated Si N/M-Strus. Inset c1 is high magnitude SEM image of

NWs conformal coated by Al2O3 thin film. Inset c2 is the EDS of the yellow elliptical area as shown in inset c1.
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ratio) HF for 1min to remove the natural oxide layer.
Second, the Si N/M-Strus were fabricated on these wafers
by the two-step MACE method [13] as follows: in the first
step, the assisted Ag+ particle clusters were deposited onto
the sample surface by immersing the cleaned wafers in the
5M HF/0.02M AgNO3 fixed solution for 90 s; in the second
step, the as-deposited samples with Ag+ particle clusters
were etched in the 5M HF/0.01M H2O2 fixed solution for
100–600 s to form the SiNWs with different lengths. After
the MACE treatment, the residual impurities were wiped
off from the surface of SiNWs by immersing the samples
in 1:1 HNO3/H2O (volume ratio) solution for 30min at
room temperature, followed by rinsing with excess copious
deionized water. Subsequently, the different thickness Al2O3

thin films were deposited on the surface of the as-prepared
N/M-Strus samples through the reaction of trimethyla-
luminum and ozone at 185 °C and 3mbar using the thermal
ALD method (TFS 200, Beneq, Finland). Finally, all samples
were annealed in the atmosphere ambient at 425 °C for 5min
[37] (Thermolyne, Thermo Scientific, Waltham, MA, USA),
in order to activate the optimal passivation effect of
ALD-Al2O3.

The morphologies of the Si N/M-Strus and element
distribution were investigated by field emission scanning
electron microscopy (SEM, FEI Sirion 200) and the energy
dispersive X-ray spectroscopy (EDS). The optical reflectance
spectra were obtained on the station of quantum efficiency
measurement (QEX10, PV Measurements, Boulder, Co,
USA). The effective minority carrier lifetimes were mea-
sured by using the mapping mode of microwave photo-
conductance method with a 904 nm wavelength laser and
an average injection concentration Δn=4.81 × 1014 cm�3

(WT-2000, Semilab, Billerica, MA, USA).
We divided the samples into four series (A, B, C, and

D) corresponding to the different etching times 100, 250,
400, and 600 s, respectively, which yielded the SiNWs
length ~180, 550, 870, and 1200 nm. Among each series,
we used the number of ALD cycles, that is, 100, 250,
400, 500, and 700, to characterize the different Al2O3

thickness on the Si N/M-Strus (note that one ALD cycle
can form ~0.1-nm-thick Al2O3 evaluated from the self-
limiting reaction characteristics of ALD method). Hence,
we could denote a sample of a certain series by combing
a capital letter with the number of ALD cycles, for exam-
ple, D-250 means series D (SiNWs length ~1200 nm) with
250 ALD cycles (Al2O3 thickness ~25 nm).

Figure 1(b) illustrates the oblique-view SEM image of
the Si N/M-Strus for series B consisting of the nanoscale
SiNWs along <100> crystal axis [38] and microscale
pyramid texture whose facets normal is along <111>
oriented direction, and the inset is the corresponding high
magnitude cross-sectional imagine of SiNWs. The average
length of NWs is ~550 nm, and the diameter is in the range
70–80 nm. Figure 1(c) shows an oblique-view SEM figure of
the Al2O3-coated (400 ALD cycles) surface of SiNWs for
series A. We can find that the ALD-Al2O3 thin film
(thickness ~40 nm) is homogeneous and conformal (see the
inset c1), which benefits from the self-limiting gas–solid

reaction between the precursors and substrate. We also
give out the EDS result of the yellow area in inset c1
(see inset c2), indicating that the atom percent content of
oxygen, aluminum, and Si are 67.65%, 10.61%, and
21.74%, respectively.

3. ANTI-REFLECTION
PERFORMANCE

Figure 2(a) shows the experimentally obtained reflectance
Rave of the naked N/M-Strus under different etching times
(i.e., A-0, B-0, C-0, and D-0). Note that the solar averaged
reflectance Rave here is calculated by averaging the reflec-
tance over the AM1.5 spectrum in the wavelength range
300–1100 nm as follows:

Rave ¼ ∫
1100 nm

300 nm R λð Þ�S λð Þ�dλ

∫
1100 nm

300 nm S λð Þ�dλ
(1)

where R(λ) and S(λ) denote the measured reflectance and
AM1.5 solar photon spectral distribution, respectively.
The SiNWs lengths obtained from SEM images are also
indicated, which show an approximate linear increase
with the etching time. We can see that the Rave of these
naked N/M-Strus illustrates a contrary trend compared
with the SiNWs length, implying that longer SiNWs
clearly offer better light trapping effect, which matches
well with the results in the literature [38]. Figure 2(b)
further presents the reflectance spectra of the four series
and the pure-pyramid-textured sample. Obviously, the
reflectance is greatly suppressed through the entire spectra
compared with that of the pyramid-textured surface, and
the anti-reflection performance is even better for longer
SiNWs. Actually, the reflectance in short wavelength range
300–600 nm shows much more significant improvement
than that in long wavelength 900–1100 nm, which can be
attributed to the fact that the sizes of the SiNWs are com-
parable with the short wavelengths [25].

Next, we turn to illustrate the anti-reflection effect
of the Al2O3-coated Si N/M-Strus through the reflectance
spectra of series D with different ALD cycles as
shown in Figure 2(c). The solar averaged reflectance Rave

of D-0, D-250, D-400, and D-500 are calculated as
6.49%, 2.63%, 1.74%, and 1.94%, respectively, presenting
that D-400 owns the best anti-reflection performance. It
should be noted that for the long wavelength (>600 nm),
the reflectance of D-250, D-400, and D-500 are greatly
reduced compared with the D-0. This is very important
because the excellent anti-reflection behavior of the
ALD-Al2O3 thin film can complement the drawback of
the naked SiNWs in the long wavelength range. As a
result, combining the SiNWs with the ALD-Al2O3 thin
film may be a promising design to realize excellent light
trapping because of the anti-reflection effect both for short
and long wavelength region.
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We further apply the best 400 ALD cycles as
discussed earlier to all four series (i.e., A-400, B-400,
C-400, and D-400) and present the reflectance spectra in
Figure 2(d). We can find that all series exhibit a substan-
tial decline of the reflectance compared with the SiNWs
without coating (Figure 2(b)), and the descending trend
with the increment of SiNWs lengths is very similar as
well. Among the four series, the D-400 possesses an
ultralow solar averaged reflectance of 1.38% in the most
important wavelength region 300–900 nm where c-Si
solar cells work effectively, which is mainly distributed
to the ultralow solar averaged reflectance of 1.64% in
the short wavelength range 300–450 nm and 0.85% in
long wavelength range 800–900 nm. It is worth noting,
comparing with the poor short-wavelength anti-reflection
of traditional c-Si solar cells, the D-400 has reduced
the absolute solar averaged reflectance by 7.86% in
the wavelength range 300–450 nm, which addresses great
potential for advanced photovoltaic devices. Finally,
we also give out in Figure 2(e) the photograph of black
D-400 and the pyramid-textured wafer for comparison
(with a large-scale 125 × 125mm2).

4. FIELD EFFECT PASSIVATION
AND APPLICATION

Although the ALD-Al2O3-coated Si N/M-Strus manifest an
excellent optical performance, a low surface recombination

is also necessarily required to achieve outstanding electrical
properties [19–24] for high-efficiency Si N/M-Strus-based
photovoltaic or photoelectric devices. Consequently, we
study the passivation effect of the ALD-Al2O3, which
indicates the ability to suppress the surface recombination
and can be characterized by the minority carrier lifetime.
Generally, the effective minority carrier lifetime τeff can be
expressed as

1
τeff

¼ 1
τbulk

þ SFeff þ SBeff
d

(2)

where τbulk is the bulk Shockley–Read–Hall lifetime,SFeff and
SBeff denote the effective SRV at the front and back surfaces,
respectively, and d is the wafer thickness (in our case,
d=180μm). To investigate the effect of the high surface area
on theSFeff of Si nanostructure, an expression for the measured
τeff is proposed [26] as

1
τeff

¼ 1
τbulk

þ AF

A
�SFloc�

1
d
þ SBeff

d
(3)

where SFloc� AF=A
� �

=SFloc�α=SFeff. Here, SFloc denotes the local
effective SRV at and very near the actual front surface of
Si nanostructure, and α=AF/A is the surface area enhance-
ment factor with AF being the N/M-Strus front surface area
including both the total lateral area of SiNWs and the pure-
pyramid-textured surface area A. By using the length,

Figure 2. (a) SiNWs length (right) and the solar averaged reflectance Rave (left) of naked Si N/M-Strus with respect to etching time. (b)
Reflectance spectra of series A (olive), B (magenta), C (blue), D (red), and pyramid-textured sample (black). (c) Reflectance spectra
of D-0 (olive), D-250 (blue), D-400 (red), and D-500 (violet). (d) Reflectance spectra of A-400 (magenta), B-400 (olive), C-400 (blue),

and D-400 (red). (e) Photograph of D-400 and pyramid-textured wafer.
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diameter, and the areal density of SiNWs obtained from the
SEM images, α of series A, B, C, and D can be evaluated
as 2.25, 4.31, 5.86, and 7.17, respectively. Figure 3(a) shows
that α keeps approximately proportional to the SiNWs length
(right) and the unpassivated Si N/M-Strus with the larger α
has the lower τave (the average value of τeff in mapping area,
left), suggesting a more serious surface recombination,
which matches well with our previous work [24].

Figure 3(b) demonstrates a systematic study on the τave
of all series with different ALD cycles, under the case of
one-side passivation. We can clearly find that the τave
of all passivated series greatly increase by at least one
order of magnitude compared with the corresponding
unpassivated counterparts (0 ALD cycles). Besides, the
τave shows a fluctuating trend with increasing ALD cycles
and reaches the best τave at 400 ALD cycles for all four
series, among which the D-400 has the highest value of
33.23μs. When the ALD cycles become 700, the τave of
all series is observed to substantially reduce because
of the blistering effect in an excess thick ALD-Al2O3

layer [39]. Moreover, it is of great significance that the τave
exhibits a notable increment with the increase of α
(corresponding to the increasing SiNWs length less than
1200 nm) for the fixed ALD cycles 100, 250, or 400
(framed by the dashed-line ellipse), which is a very novel
electrical characteristic and acts totally contrary to the
regular SiNWs [25,26]. This unique new finding indicates
that the longer SiNWs (less than 1200 nm) can support

lower surface recombination, opening a new way to simul-
taneously realize both the minimal optical and electrical
losses [22–26].

In order to quantify the low surface recombination
brought by the novel electrical characteristic, we also
explore the minority carrier lifetimes of the both-side
passivated series (SFeff ¼ SBeff ) in Figure 3(c) with the same
400 ALD cycles. The τave of the both-side passivated series
arises along with the increase of α, which is consistent
with the one-side passivated case shown in Figure 3(b).
The D-400 yields the highest τave of 55.90μs, whereas
the τmax (the maximum value of τeff in mapping area) of
the D-400 even reaches up to 85.94μs. According to
Equation (3), the SRVs corresponding to the τmax of the
both-side passivated series are calculated to be 236.63,
118.43, 81.35, and 44.72 cm/s, respectively, as shown in
Figure 3(d) (τbulk = 150.0μs for our low-quality solar grade
p-type Cz-Si wafer with thickness ~180μm). We can see
that the SRVs of these series decline with the increase of
α, while the D-400 achieves the best SRV of 44.72 cm/s,
which is extremely low benefiting from the largest τeff
under longest SiNWs. With the help of the Corona
charge–voltage property (from Semilab PV-2000), we
obtain the flat band voltage of 2.153V for the optimal
ALD-Al2O3-passivated Si N/M-Strus (D-400). According
to the relationship between the fixed charge density and
the flat band voltage in the oxide/semiconductor
structure [40], the fixed charge density in the combined

Figure 3. (a) SiNWs length (red) and τave (olive) of unpassivated N/M-Strus with respect to surface area enhancement factor α. (b) The
effect of different ALD cycles on the average τeff for series A (olive), B (red), C (green), and D (blue). (c) Column diagram of τmax (green)
and τave (red) with respect to α (all series with the same 400 ALD cycles). (d) The SRV (corresponding to τmax) with respect to α (four

series with the same 400 ALD cycles).
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structure can be calculated to be �3.09 × 1012 cm�2, which
indicates a strong field effect passivation and is fully con-
sistent with the references [35,41].

In order to provide an insight into the relationship
between the field effect passivation and the novel
characteristic (the longer and thinner SiNWs possess the
lower SRV), we have further studied the influence of the
morphologic variation of the Si N/M-Strus on the field
effect passivation. Figure 4(a) reveals that the surface
morphology of the Si N/M-Strus varies with the etching
time. The corresponding cross-sectional schematic draw-
ings (series A, B, C, and D) are shown below to better under-
stand this evolution. We can see that with the increase of
etching time the SiNWs will be longer and thinner, while
the pure-pyramid-textured surfaces (framed by dashed-line

triangles) become smaller. As is discussed earlier, the
ALD-Al2O3 field effect passivation is determined by the
fixed charges that repel the minority carriers away from
the surface; thus, the level of the field effect passivation
can be described by the minority carrier density (MCD)
in the neighborhood of the surface. Figure 4(b) presents
the influence of SiNWs diameter on the distribution of
MCD simulated by PC1D software, which usually simu-
lates the semiconductor devices by solving the quasi-one-
dimensional transport equations of electrons and holes.
Note that the SiNW is equivalently simulated by setting
the layer as thick as the diameter of SiNW, and the
constant fixed charge density is set as �3.09 × 1012 cm�2

for the four series with 400 ALD cycles. We see that the
Gaussian distribution of MCDs in Al2O3-passivated

Figure 4. (a) SEM images and the corresponding schematics with increasing etching time 100 (series A), 250 (series B), 400 (series C),
and 600s (series D), together with the pure-pyramid-textured surface framed by dashed-line triangles. (b) Distribution of the MCD with
respect to the radial distance obtained by PC1D software (the fixed charge density �3.09×1012cm�2, the doping concentration of bulk
Si ~1×1016cm�3). X axis “radial distance” denotes the distance from one point on SiNWs surface to another point in SiNWs along with
the radial direction (see inset). (c) Schematic of the Si N/M-Strus-based solar cell. (d) Column diagram of η for the four series Si N/M-Strus-

based solar cells and the pure-pyramid-textured counterpart by PC1D software (see the detailed parameters in Table I).
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SiNWs with the diameter 100 nm (length ~180 nm), 76 nm
(length ~550 nm), 66 nm (length ~870 nm), and 50 nm
(length ~1200 nm) reaches the peak values of 2.6 × 103,
1.6 × 103, 1.2 × 103, and 0.7 × 103 cm�3 at the SiNWs
center, respectively. Clearly, the peak values of MCDs
rapidly decline with the decrease of SiNWs diameter
(corresponding to the increase of SiNWs length), and all
these peak values are far less than the uniform distribution
of 1.04 × 104 cm�3 (the doping concentration of bulk Si
~1 × 1016 cm�3) in the unpassivated SiNWs. The lower
MCD indicates that the thinner SiNWs (corresponding to
longer SiNWs) with the constant fixed charges can more
effectively prevent the minority carriers from bulk Si
moving into the SiNWs, that is, a better field effect passiv-
ation for the longer and thinner SiNWs. Moreover, the
pure-pyramid-textured surface area also decreases with
increasing etching time, and thus its surface recombination
lowers. As a result, the D-400 with the longest SiNWs
demonstrates the lowest SRV, because of the strongest
field effect passivation for the thinnest SiNWs and the
smallest pure-pyramid-textured surface recombination.

The novel characteristic of this composite structure
provides a feasible solution to simultaneously achieve both
the minimum optical and electrical losses, revealing great
potential applications to the high-performance solar cells,
photoelectric detectors, or other photoelectric devices.
Here, we design a Si N/M-Strus-based solar cell consisting
of the n-type base region, the p-type emitter, and a confor-
mal Al2O3 dielectric layer (Figure 4(c)). The upper
enlarged view shows the construction of Al2O3-passivated
p–n junction, especially the p-type emitter consisting of
the whole SiNWs and the thin layer of pyramid facets.
Figure 4(d) presents the output performance of the designed
solar cell simulated by the PC1D software. Although the
Si N/M-Strus-based solar cell cannot be constructed from
PC1D software, we obtain the cell performance by equiva-
lently simulating planar solar cells with the reflectance and
the SRV extracted from the Al2O3-passivated Si N/M-Strus.
Also, the detailed input parameters are obtained from actual
data of the production line (Table I), which further guaran-
tees the reliability and accuracy of the simulation. It is clear
that the η of the Si N/M-Strus-based solar cell manifests a
considerable increment with the increasing SiNWs, and the
D-400 solar cell possesses the highest η of 21.04% that has

increased by an absolute value of 1.95% more than that of
the traditional pyramid-textured counterpart. Particularly,
the D-400 solar cell yields an ultrahigh short-circuit current
density of 40.09mA/cm2 (short-circuit current 6.26A in
125× 125mm2), an open-circuit voltage of 0.659V, and a fill
factor of 0.796.

5. CONCLUSIONS

In conclusion, the ALD-Al2O3-passivated Si N/M-Strus
formed on large-scale Si wafer by the two-step MACE
method and ALD-Al2O3 treatment have been shown to
simultaneously realize the best optical anti-reflection and
electrical passivation for SiNWs-based solar cells. We find
that not only the optical reflection can be suppressed to
extremely low levels (the solar averaged reflectance of
1.38%) because of the complementary contribution of Si
N/M-Strus at short wavelength and ALD-Al2O3 at long
wavelength but also the electrical recombination can
remain at a very low level (the SRV of 44.72 cm/s)
because the longer and thinner SiNWs present lower
surface recombination. This unique abnormal decrease
of surface recombination with the increasing SiNWs
length can be attributed to the stronger field effect passiv-
ation for the longer and thinner SiNWs and the reduced
pure-pyramid-textured surface recombination and can
play a crucial role to achieve the excellent electrical
properties in addition to the ultralow reflection in SiNWs.
Furthermore, we have simulated the Al2O3-passivated Si
N/M-Strus-based solar cell and obtain the high conver-
sion efficiency of 21.04%. This work breaks the limits
of the trade-off between optical and electrical losses in
the SiNWs and opens a potential approach to realize
high-efficiency SiNWs-based solar cells.
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Table I. The detailed input parameters and simulation results for the Si N/M-Strus-based solar cells with the area of 125×125mm2,
together with the pyramid-textured solar cell as reference.

Voc (V) Isc (A) FF (%) η (%) Rave (%) SRV (cm/s) τave (μs)

Textured 0.650 5.912 77.61 19.09 12.71 4417.60 2.010
A-400 0.653 6.101 78.72 20.07 2.64 630.77 13.029
B-400 0.655 6.150 78.90 20.34 2.52 406.93 19.275
C-400 0.658 6.238 79.45 20.87 2.12 153.48 42.195
D-400 0.659 6.264 79.64 21.04 1.74 101.02 55.895

Rave, SRV and τave are extracted from experiments, and the other relevant input parameters for all series are the same and from actual data of the

production line: the sheet resistance of the emitter is about 80Ω/sq; the doping concentration of n-type base region and p-type emitter are 1.07× 10
16

and 2.79×10
20

cm
�3

, respectively; τbulk,n and τbulk,p are 1000 and 150μs, respectively; the series resistance is 1.5×10
�3

Ω; and the fixed charge density

is �3.09×10
12

cm
�2
.
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