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In this work, we present a numerical analysis comparing the field-effect passivation provided by fixed
dielectric charges on planar and textured undiffused silicon surfaces. We focus particularly on the ratio of
effective surface recombination velocities (Sefr) of planar and textured surfaces (6 = Seftextured /Seft,planar)
utilizing the same fixed dielectric charge density (O ) under the same injection conditions. To ensure a
difference between the space-charge region profiles of textured and planar surfaces, we specifically ana-
lyze structures with large aspect ratios and submicron feature sizes. A wide range of Oy (1 x 107 to
1 x 10'* cm™?) having both negative and positive polarities is covered in the analysis. We show that o
approximately follows the surface area enhancement for very small and large Oy, which induce weak band-
bending and strong accumulation or inversion conditions, respectively. For moderately large Oy, on the
other hand, o shows a stronger deviation from the surface area enhancement. To elucidate the underlying
physical mechanisms leading to the nonmonotonous relation between o and Oy, we analyze the electro-
statics of opposing charged surfaces. We show that an enhanced field-effect passivation is not realized
along a large portion of a textured surface having a large Oy due to the significant carrier localization near

the surface.

DOL: 10.1103/PhysRevApplied.12.034026

I. INTRODUCTION

Front surface reflection and recombination are two
prominent loss mechanisms that can limit the performance
of high-efficiency silicon solar cells, particularly of those
with undiffused front surfaces (e.g., interdigitated back
contact cells) [1,2]. Texturing the front surface results in an
improved optical performance, yet it typically comes at the
cost of enhanced surface recombination losses due to the
larger surface area compared to that of a planar structure.
In addition, these losses are further elevated if the passi-
vation quality at the textured surface is inferior to that of
the planar surface. For instance, random upright pyramid
textures, which is the industry standard for the texturiza-
tion of monocrystalline silicon solar cells, provide less
than 2% weighted reflectance when coated with an antire-
flection layer [3]. In return, the surface area is enhanced
roughly 1.7 times compared to that of a planar surface. It
was shown that the ratio of effective surface recombina-
tion velocities (Sef) of textured and planar surfaces (o =
Seff textured /Seffplanar) depends on several factors besides the
surface area enhancement for these structures, such as
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stress-induced defects arising due to the vertices and edges
in the textured structures [4,5], and the differences between
the degree of passivation that can be provided to the
exposed crystal planes of the textured and planar surfaces
[4-7]. Overall, o was shown to be either approximately
proportional to the surface area enhancement or greater
than that for undiffused random pyramid textured surfaces
passivated with commonly used dielectrics such as SiO,,
SiN,, and Al,O3 [4-6].

Alternative to random upright pyramids, high-aspect-
ratio surface structures having very low broadband
reflectance without an antireflection coating have also
been demonstrated with reasonable Se [8,9] and surface
saturation current densities (Jy;) [10] despite the signif-
icant surface area enhancement. One of the key aspects
that enabled these successful demonstrations has been the
use of highly conformal thin dielectric films surrounding
the surface features, deposited by atomic layer deposition
[8—10]. Besides the outstanding conformality, the utilized
dielectric films (e.g., Al;O3) commonly have a high fixed
dielectric charge density (Qr) near the silicon-dielectric
interface [11], leading to a significant suppression of one
type of carrier concentration, and thus the recombination
rate, near the surface. This passivation mechanism, based
on the modification of carrier concentrations rather than
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defect properties, is commonly referred to as field-effect
passivation. Notably, o extracted from the experimen-
tal measurements were below the surface area enhance-
ment for the high-aspect-ratio surfaces utilizing such films
[9,10,12]. The findings are generally attributed to an
enhanced field-effect passivation, where the carrier con-
centration suppression within a small texture is regarded
as more effective than that in a planar structure [9,12—14].
Yet, an explicit numerical analysis comparing the field-
effect passivation in textured and planar structures has not
been provided so far.

Here, we present an analysis comparing the field-effect
passivation between textured and planar surfaces through
two-dimensional simulations, and calculations accounting
for the opposing dielectric coated facets. To imitate the
experimental conditions where ¢ appears to be below the
surface area enhancement and to ensure a modification
in space charge region (SCR) profiles upon texturing, we
specifically analyze structures with large aspect ratios and
submicron feature sizes. Assuming defect and Oy profiles
independent of the surface geometry, and a high carrier
lifetime in the bulk, we confine the analysis to changes in
recombination rates that arise solely due to modifications
in carrier concentrations at the surface upon texturing.

II. METHODOLOGY

In the presence of fixed dielectric charges near the
dielectric-silicon interface, a compensating space charge is
induced in silicon to preserve charge neutrality. The region
extending from the surface into the silicon, containing a
nonzero space charge density [p = q(p — n+ Np — Ny),
where p, n, Np, and N4 are hole, electron, donor, and
acceptor concentrations, respectively], is commonly called
a space charge region (SCR), which is illustrated by the
dark gray regions in Figs. 1(a) and 1(b) for planar and
textured surfaces, respectively.
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FIG. 1. Schematics of the (a) planar and (b) triangular textured
structures used in the simulations, where the aspect ratio, R, is
the ratio of height to period.

Here, we define the minimum depth of the SCR (dscr)
in relation with the Debye-Hiickel length, Lp [15], formu-

lated as
kTepe,
Lp= | ———, (1)
q*(np + pp)

where ¢ is the permittivity of vacuum; €, is the relative
permittivity of silicon; and n, and p; are the electron and
hole concentrations in the quasineutral base near z = dscg,
respectively. We assume that if the magnitude of induced
electrostatic potential () is larger than a predetermined
threshold [chosen as Yy, = (kT/q)/10 in this work], the
depth of the SCR (Fig. 1) increases according to

dscr = d(|¥| = Y¥rn) + Lp, (2

where d is the distance from the surface where || = ¥y,
and we assume that ¥ = 0 in the quasineutral base.

Recombination processes in the SCR are commonly
parametrized by Seg [16,17]. The integrated recombination
rate in the SCR is lumped to the boundary separating the
SCR and quasineutral base, as represented with the black
line at z = dscg in Fig. 1, and divided by the excess minor-
ity carrier concentration, An = Ap (assuming quasineu-
trality), at that boundary, resulting in the one-dimensional
form

1 dscrR
Seff = - (Us + / Ub(z) dZ) ) (3)
An 0

where U, is the sum of Auger, radiative, and Shockley-
Read-Hall (SRH) recombination rates in the bulk part of
the SCR, and Uy is the surface recombination rate mod-
eled by the SRH formalism [18—20], assuming a trap state
located at a single energy level as

—1
ng+n ps+
US:(nsps—n,?)( L2 pl) . @
SpO SnO

where ny = n;exp[(E; — E)/kT); p1 = n;exp[(E; — Ey)/
kT]; n; and E; are the intrinsic carrier concentration and
energy level, respectively; E; is the energy level of the
trap state; k is the Boltzmann constant; 7 is the temper-
ature; ng and p, are the electron and hole concentrations
at the surface, respectively; and S,9 and S, are the sur-
face recombination parameters for electrons and holes,
respectively.

In this work, we construct the structures shown in Fig. 1
using an electrical simulation tool, Silvaco ATLAS [21], to
calculate the S.g of planar and textured surfaces. We utilize
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a two-dimensional form of Eq. (3) as

(/Q Us(y,z)ds+//® U;,(y,z)dydz),

©)

where € is the path along the surface of the texture within
a period length of L in the y direction [Fig. 1(a)], ds is the
arc length, ® is the cross-sectional region of the bulk of
the SCR, and An is the excess carrier concentration that is
assumed to be constant along dscr(y). We place the rear
surface at z = diy, far enough not to electrically inter-
act with the SCR at the front surface (i.e., dscr <K dotal)-
Under electrical conditions resembling those in a quasi-
steady-state photoconductance measurement, we apply a
spatially uniform generation rate in silicon as the input
and extract the An and the recombination rates in the SCR
under steady state.

In the simulations, we employ classical physics, Fermi-
Dirac carrier statistics, the unified mobility model of
Klaassen [22], the band-gap narrowing model of Schenk
[23], and the Auger recombination model of Richter [24].
We focus mainly on textures having aspect ratios (R =
height to period) larger than that of random pyramid tex-
tures (approximately 0.7), and unless stated otherwise,
these structures have a period, L, of 0.2 um. To achieve
pronounced differences between the SCR profiles in tex-
tured and planar structures, we use an n-type silicon bulk
with a relatively low Np = 1 x 10> cm™ and An =1 x
10'* cm—3. We set the SRH lifetimes of both electrons (z,0)
and holes (7,0) to 30 ms, representing the carrier lifetimes
in a high-quality silicon wafer. We assume that the energy
level of trap states both at the bulk and the surface are

Seff,2D = m

located at E; = E;. In accordance with the previous work
on interface properties between silicon and dielectrics,
we set S,0/Spo = 100 [25-27] and S0 =5 x 10° cm/s
[28,29]. We assume that Sy, Sp0, O, Two, and 1,0 are
independent of surface geometry. We use the subscript s
throughout the paper to denote the value of a parameter
specifically at the surface. Lastly, note that the units of O
and p are, in fact, the elementary charge per unit volume
and area, respectively. However, we omit the “elementary
charge” in the units for simplicity, resulting in the units
cm~2 and cm™3 for Or and p, respectively.

III. RESULTS AND DISCUSSION

A. Comparison of S in textured and planar surfaces

Sefr of the planar surface and the textured surface with
an R of 5 is illustrated with respect to negative and pos-
itive Oy in Figs. 2(a) and 2(b), respectively. In addition,
Figs. 2(c) and 2(d) show o for three different R values
of 2, 5, and 8, demonstrating the similarities in the trends
of o for textures having various aspect ratios. Depending
on the deviation of ¢ from the surface area enhancement
and the magnitude of Oy, we identify three regions as
highlighted in Figs. 2(c) and 2(d). The range of small O
(< 5 x 108 cm~2?) with negligible deviations in o from
the surface area enhancement is denoted as region 1. The
range of moderate Oy (5 x 10% to 2 x 10! cm™2) where
o deviates considerably from the surface area enhance-
ment is denoted as region II. The range of large O
(> 2 x 10" cm™?) where o is approximately equal to the
surface area enhancement is denoted as region II1.

In region I, p induced in silicon is relatively small and
p and n in the SCR are very similar to their respective
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FIG. 3. The ratio of electron concentration along the texture

surface (starting from the bottom of the facet to its top) to that at
the planar surface with the same Q. The aspect ratio of the tex-
ture is 5. The gray triangle represents the geometry of the texture
and is not to scale.

concentrations in the quasineutral base (i.e., np and pp)
for both negative and positive Oy and for both planar
and textured surfaces. Because of the small band bend-
ing near the surface (|v| < kT/q), the SCR is called to be
in the weak band-bending regime [30]. As a result, S is
approximately equal to Sy, (= 50 cm/s) under low-injection
conditions (i.e., n < An) for a planar surface [Figs. 2(a)
and 2(b)]. Upon texturing in this regime, relative changes
in free carrier concentrations are negligible along the sur-
face (i.e., Niextured,s ~ Nplanar,s and Prextured,s A pplanar,s): and
Rtextured,s /Mplanar,s 1 N€ar unity along the surface as shown
in Fig. 3 for a negative Oy of < 5 x 10% cm~? represent-
ing the upper bound of region I. Since Uj is proportional
to p,; under low-injection conditions (U & pS,0), the rel-
ative change in Uy along the surface is also negligible. As
aresult, o follows the surface area enhancement.

In region II, the weak band-bending regime is sub-
sequently followed by the depletion (i.e., both n, and
ps < Np); weak inversion (i.e., roughly 1 < ng/p; < 10
for An=1x 10" cm™ and Np = 1 x 10" cm™3); and
strong inversion regimes (i.e., 10 < p,/n,) for a negative
Or. The dominant mechanism affecting Ser and o in this
region is the ratio of p, to n, and its effect on U;. Accord-
ing to the SRH formulation in Eq. (4), a maximum in
Uy occurs when pg/ng equals to S,0/Sp0 (= 100 in this
study) for a constant An. Therefore, St increases with
Oy as ps/ng approaches S,0/S,0 and maximizes at a Oy
of 5 x 10'° cm™2 for the planar surface [Fig. 2(a)]. For
a larger O beyond this maximum, U, depends mainly
on ng (U = neS,0), which decreases with Q. Upon tex-
turing, the relative changes in free carrier concentrations
along a large portion of the surface are significantly more
pronounced compared to those in region I as shown in
Fig. 3 fora Oy of 5 x 10'° cm™2. Moreover, because of the
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FIG. 4. The average of the p,/n; ratio at the surface of the pla-
nar and the textured structures with an aspect ratio of 5. Arrows
indicate the change in the average p,/n, ratio upon texturing.

overall decrease in n, and increase in p; upon texturing,
the p,/ng ratio is larger along the texture surface on aver-
age compared to the p,/ns on the planar surface with the
same Q. In this respect, Fig. 4 shows the average p;/n, vs
Oy for the planar and textured structures, where the arrows
indicate the changes in p;/n, upon texturing. Up to a neg-
ative Oy of approximately 3 x 10'® cm™, texturing results
in the average p;/n, ratio approaching a value near S,,0 /S0,
indicating that, on average, U, along the surface becomes
higher than that of a planar surface. As a result, o attains
values above the surface area enhancement. Conversely,
a py/ny ratio that is close to the S,/S,0 ratio in a planar
structure (i.e., Oy =5 x 10! cm™?) is driven away from
it upon texturing (Fig. 4). Consequently, U; is reduced on
average and o attains values that are below the surface area
enhancement [Fig. 2(c)]. When strong inversion conditions
start to prevail for a Oy greater than roughly 5 x 10" cm—2,
o still deviates from the surface area enhancement, yet it
increases and approaches the area enhancement with Q.

For a positive Oy in region II, weak band-bending is
followed by accumulation and strong accumulation (i.e.,
10 < n¢/py) regimes. Since Sy is greater than S0, and n,
is greater than p; for any positive Oy, a peak in S with
respect to O does not occur. Uy is approximately propor-
tional to p,; (Us ~ p,Sp0), and Ser decreases monotonically
with Oy [Fig. 2(b)]. Upon texturing, p, and U, decrease
considerably along a large portion of the surface com-
pared to their values at the planar surface. Consequently, o
decreases below the surface area enhancement with Oy, up
to roughly 2 x 10'° cm~2, at which point strong accumu-
lation conditions start to prevail. For larger Oy, o increases
and approaches the surface area enhancement, showing a
similar trend with the case of negative Oy.

In region III, strong inversion and strong accumula-
tion conditions prevail for the large negative and positive
Oy, respectively. Us is limited by the low concentration
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of carriers having the opposite polarity than the dielec-
tric charge (e.g., n, for a negative Oy), and S decreases
with both positive and negative Oy due to the reduction in
these carrier concentrations. Upon texturing, carrier con-
centrations remain near constant along a large portion of
the surface except in narrow regions that are close to the
upper and bottom ends of the texture, as shown in Fig. 3.
As a result, o is approximately equal to the surface area
enhancement [Figs. 2(c) and 2(d)].

Overall, the changes in the recombination rate upon tex-
turing can be explained given the carrier distributions at the
surfaces of textured and planar structures. Yet, the mech-
anisms governing the carrier concentration profiles in the
first place need to be clarified. To build a more thorough
understanding of these mechanisms that lead to the non-
monotonous relationship between o and Oy, we focus on
the electrostatics in the SCR in the following section.

B. Electrostatics in textured and planar surfaces

Spatial distributions of carrier concentrations are
approximately independent of recombination processes
when the recombination rate is sufficiently small through-
out the SCR and the quasi-Fermi levels (QFLs) of electrons
and holes are near constant. In that case, the necessity to
solve the continuity and drift-diffusion equations to cal-
culate ¢ and carrier concentrations is removed, and their
profiles are governed mainly by electrostatics (i.e., the
Poisson’s equation). The constant QFL approximation is
valid for the range of Or and for the structures considered
in this work as discussed in the Appendix A. Therefore,
analyzing the electrostatics of the SCR is sufficient to inter-
pret the carrier concentration distributions, leading to the
trends observed in o.

Here, to analyze the textured structures in a simplified
manner, we provide two approaches that are based on a
parallel dielectric plate structure instead of the oblique tex-
ture considered in Sec. III A. The electrical conditions in
between a parallel-plate structure are analogous to those in
an oblique texture with an infinitely large aspect ratio and
height, and we assume that these conditions are represen-
tative of those in an oblique texture with a finite height to
a certain extent. The first approach, which is based on the
solution of Poisson’s equation, is presented in Appendix B.
It provides a semianalytical groundwork while verifying
that the carrier concentrations are indeed governed mainly
by electrostatics. The second approach, which is presented
in the following subsection, is based on the charged surface
interaction model proposed by Gregory [31]. Following the
author, we also name it the “compression model,” yet the
model is extended here to cover a wider range of band-
bending conditions than the original work, which is based
on weak band-bending conditions. Finally, we discuss the
applicability of parallel-plate-based models, in general, to
a texture with a finite height.

1. Compression model

A surface texture can be modeled as a parallel-plate
structure where the dielectric plates at each end rep-
resent the opposing facets of the texture. Similarly, a
semi-infinitely thick planar silicon can be considered as a
parallel-plate structure with an infinitely large plate sep-
aration, yet we reserve the term “parallel-plate structure”
specifically to refer to configurations with a finite plate sep-
aration (). When the plate separation and the volume of
silicon decrease from infinity to a finite value (e.g., when
a texture is introduced), the surface-to-volume ratio of the
structure increases. If the decrease in the volume of sili-
con also leads to a decrease in the volume of the SCRs
(i.e., SCRs of the opposing facets overlap, W < 2 x dscr),
free carriers of the semi-infinite structure that are left out-
side the confined volume are redistributed in between the
plates [31]. Because of this redistribution, the total space
charge induced in silicon, Osc (= —0y, neglecting the
charge trapped in interface states), is compressed into a
smaller volume, and the dielectric charge compensation
occurs within a distance of /2 from each one of the sym-
metrical plate surfaces. As a result, p increases throughout
the silicon in between the plates. A schematic illustrat-
ing the distribution of p in semi-infinite and parallel-plate
structures is shown in Fig. 5, where the yellow-filled areas
underneath the dashed curves represent the carriers in the
semi-infinite structure that are located outside the confined
volume of the parallel structure, and the arrows represent

___Semi-infinite
pSI

Parallel-plate

Q Prp
AN ‘\
\.
\.
Distance
FIG. 5. Schematic representation of the net charge distribu-

tion in semi-infinite (W = oo) (black dashed-dotted lines) and
parallel-plate (red solid line) structures with arbitrary units for
the distance and p. The yellow-filled areas under the curves rep-
resent the charge that is left outside the confinement volume in
the semi-infinite structure and needs to be redistributed upon
volume confinement. Red arrows symbolize the redistribution
of charge in a smaller volume. Orange-filled areas underneath
the curves represent the addition of the redistributed charge in
the parallel-plate structure. Pink vertical columns represent the
dielectric layers.
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the carrier and space charge redistribution. Here, we denote
p in the semi-infinite and parallel-plate structures by pg;
and ppp, respectively, and the absolute change in p upon
volume confinement is denoted by prp (= ppp — Ps1)

The relative changes in n, and p; upon volume con-
finement in a parallel-plate structure depend on the spatial
distribution of p prior to the confinement, ps;, and W of the
parallel plate. To quantify the depth where the majority of
ps1 1s located within, and to estimate the fraction of Qsc
that is redistributed upon volume confinement, we define
a parameter, effective compensation depth (d.g), which is
formulated as

dey = d[Q = Q(00)F], Q)

d
0(d) = /0 psi(v) dy, %)

where O(d) (in cm™2) is the integration of pg; within a
depth of d into the silicon, and F is the fraction of Qsc
[= O(oc0)] within a depth of d. into silicon [i.e., F =
O(der) /Osc]. While a small deg corresponds to a large
pst gradient from the surface into silicon and a localiza-
tion of pgy close to the surface, a large des corresponds
to a relatively smaller gradient in pg; with the majority
of pg1 spread out into the silicon. Figure 6 shows d.g for
F =0.63 (1 — e ") and dscg [calculated according to Eq.
(4)] for positive and negative Oy for An =1 x 10'* cm™.
In addition, Fig. 7 shows the profiles of ps1, where the filled
areas underneath the curves indicate the regions where the
F =0.63 of Qs lie, for three positive Oy values, 5 x 108,
2 x 10", and 2 x 102 cm™2, representing regions I, 11,
and III, respectively. Note that the choice of F = 0.63 is
solely to be in accord with Lp at small Oy, and analyzing
for another F' that correctly reflects the trends regarding
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10" 10® 10° 10" 10" 10" 10®
Q,(cm™)

FIG. 6. Depth of the SCR (dscr) and effective compensation
depth (de) with F' = 0.63 for negative and positive Oy for the
semi-infinite structure. The pink bold horizontal line indicates
the position of the dielectric layer.

10% T - T T
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FIG. 7. Distributions of induced space charge densities in the
semi-infinite structure (ps;) for three positive Oy values. Dashed
lines indicate the location of d.i and the filled areas under the
distribution curves between the surface and dr highlight the
regions where the fraction F' of the induced charge lies. Pink
vertical columns indicate the locations of dielectric plates for
W =100 nm.

the carrier population dynamics would still be legitimate.
Moreover, the pink columns in Fig. 7 are representative of
the dielectric layers at each end of the parallel plate struc-
ture with a W = 100 nm (i.e., the average separation length
of oblique surfaces of the textured structures analyzed in
Sec. III A), which is analyzed as an example.

In region I, where weak band-bending conditions prevail
(|¥| < kT/q), ps1 decays exponentially from the surface
with a characteristic length approximately equal to Lp in
the semi-infinite silicon for both negative and positive Oy
[ie., psi = psisexp(—y/Lp)]. Yet, ns; and pg; through-
out the SCR are approximately constant compared to their
concentrations in the quasineutral base since pg; is much
smaller than ng;. Since Lp is related to the spatially near-
constant ng; and pg; through Eq. (1), the profile of pg;
remains independent of Oy as long as weak band-bending
conditions persist. Therefore, de and dscr (R 120 nm) are
approximately constant in this regime for both dielectric
charge polarities (Fig. 6). Upon volume confinement in
a parallel-plate structure with W = 100 nm, d.¢ exceeds
the width of the parallel-plate structure that needs to
accommodate Osc (i.e., W/2 = 50 nm < deg = 120 nm)
as illustrated in Fig. 7 for a Oy of 5 x 10% cm™2. Accord-
ingly, a relatively large portion of Qsc is redistributed upon
volume confinement, and ppps/psis (= 1 + PrD,s/Ps1,s) 1S
approximately equal to 2.5 [Figs. 8(a) and 8(b)]. However,
since prp, is very low compared to ngs (€.8., PrDs =
6.2 x 101 em™ < ngiy = 1.106 x 10! ¢cm™3 for Oy =
5 x 108 cm™?), the relative change in p, is not reflected
to those in ng and pg, and npps/nsis (& 1+ prps/AsLs)
remains near unity. Overall, although d. is large compared
to /2, relative changes in free carrier concentrations upon
volume confinement are negligible in this regime.

034026-6



ANALYSIS OF FIELD-EFFECT PASSIVATION IN...

PHYS. REV. APPLIED 12, 034026 (2019)

Al ..\ Positive ]
P

@
1@ e 5--8
Large d_, Large d_, Small d_,
20k Small p Moderate p Large p J
>~w
T
& [t —]
>
8l v) (b)
=p-n+N, Negative

10" 10® 10° 10" 10" 10 10"
-2
Q,(cm™)

FIG. 8. Ratio of p, p, and n at the surface of a parallel-plate
structure with W = 100 nm to those at the surface of the semi-
infinite structure, with respect to (a) positive and (b) negative Q.
The variable Y is a placeholder that represents either p, p, or n as
provided in the legend.

For moderately large positive Oy in region II, dielec-
tric charge compensation is achieved by the free electrons
accumulating near the surface. Whereas pss and dscr
increase with Oy, dey decreases. With the decrease in degy,
the portion of Qgc that is redistributed upon volume con-
finement reduces and prp becomes less significant com-
pared to psis. Consequently, ppps/psis (1 + prp.s/Ps1s)
decreases with Oy [Fig. 8(a)]. On the other hand, prp
increases with O, and eventually becomes comparable
to ngrs. In other words, the redistributed charge density
becomes sufficiently large to affect the carrier concen-
trations at the surface upon volume confinement. As a
result, npps/nsis increases and approaches the decreas-
ing ppps/psis, up to a Oy of around 2 x 10'° cm™2. For
a larger Oy (> 2 x 10'° cm™2), npp/ng1, converges to
pprps/ psis and both decrease with Oy as free carrier local-
ization becomes prevalent. Overall, the interplay between
the increase in the effectiveness of the prp on free car-
rier concentrations and the decrease in deg with increasing
Oy results in the peak in npp/ngy near a Oy of 2 x
1010 cm—2.

For a moderately large negative Oy in region II, a deple-
tion region is induced in the semi-infinitely thick silicon.
Because of the limited concentration of spatially fixed
ionized donors and free holes in silicon, both dscr and
des increase with Oy to compensate the dielectric charges
(Fig. 6) (i.e., for 1 x 10 em™ < Oy < 3 x 10'® cm™2).
The increase continues until high concentrations of holes
(p > Np) build up near the surface (i.e., near Or ~ 3 x
10'% ¢cm~2), at which point dscr approximately saturates
and d.¢ decreases for larger Oy [Fig. 8(b)]. Upon volume
confinement, the interior of silicon becomes completely
depleted for a Oy approximately equal to NpW/2 (= 2.5 x
10° ¢m~2), reaching the limit of dielectric charge com-
pensation that can be provided by ionized donors. Then,
excess amounts of holes are generated to compensate Oy
and a premature switch to the inversion regime occurs. As
a result of this abrupt change from depletion to inversion
conditions, the relative changes in p; and n, are more pro-
nounced compared to those observed with a similarly large
positive Oy (Fig. 8). Note that this abrupt change in carrier
concentrations at Oy = NpW/2 is more pronounced under
dark conditions where the asymmetry between n, and p; is
much larger prior to volume confinement. For clarity, the
results for this case are also provided in Appendix B.

In region I11, the distribution of pg; is similar close to the
surface for both polarities of large Oy (> 2 x 10'! cm™2).
The very large psis (& —n; or p;) rapidly decays from the
surface into silicon. More than an order of magnitude dif-
ference in pg; arises between the surface and a location
only a few nanometers deep into silicon, as illustrated in
Fig. 7 for a positive Oy of 2 x 102 cm~2. Then, the major-
ity of the dielectric charge compensation occurs in this
narrow region of high free carrier concentration. As shown
in Fig. 6, dg is reduced to below a few nm, while dscg
stays approximately constant near 700 nm. Upon volume
confinement, the majority of the induced space charge in
silicon remains undisturbed since d.g is much smaller than
W /2. Those that are redistributed into the confined volume
have approximately no effect on the very large free carrier
concentration near the surface (i.e., prps/nsis < 1). As a
result, ngy, and pg;  remain approximately unchanged (i.e.,
npp,s/Nsis & pee,s/psis ~ 1) [Figs. 8(a) and 8(b)].

The aforementioned carrier compression and redistribu-
tion mechanisms can be translated into relatively simple
mathematical formulations that can justify the arguments
of the compression model and provide an alternative path
to the solution of Poisson’s equation to calculate the rela-
tive changes in carrier concentrations. Three main assump-
tions simplify the calculations considerably: (i) psis is
constant between the surface and a distance d.¢ into sil-
icon; (ii) psrs decays exponentially with a characteristic
length of Lp fory > degr [i.e., ps1 = psi(der) €xp(—y/Lp)];
and (iii) the portion of QOgc in the semi-infinite silicon
that is located outside the region allocated to the induced
charge in the parallel-plate structure (i.e., y > W/2) is
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redistributed uniformly in between y =0 and y = W/2
upon volume confinement. The first assumption results in
an approximation for pgy as

orF
deﬁ ’

@®)

Os1s = —

Combining the second and third assumptions yields an
approximation for prp 5 as

)

PRD,s ~ =

o(1-F) <deff_W/2)
exp .
w Lp

Combining Eqgs. (8) and (9), ppps/ps1s = 1+ prDs/Os1s
(denoted here as M;) can be approximated as

M~ 1+

2deff(1 _F) exp <def’f_ W/2> ) (10)

WF Lo

M; is reflected onto the changes in ng and p; through the

factor we denote as K; [npps/nsis = (Ppps/Psis) '], with
the relationship
Mipsis = K 'psis — Ksnsis + Np. (11)

Finally, considering that (pn)sy s product is constant regard-
less of O, and psis and ngy, are related to each other
through Eq. (8), solving Eq. (11) for K yields

2
+ \/<ND + QdeMS> + 4(pl’l)sLS

OrFM,
eff

F F\*
ND + Qf + (ND + Qf ) + 4(pl’l)51,s
deff deff

(12)

Provided that d. and F are known for a chosen Oy, the
relative changes in py, n;, and p, can be roughly esti-
mated using Egs. (10) and (12). Figure 9 illustrates the
comparison of the simulation results and calculations of
npps/nsis and ppps/psis based on Eq. (12). Overall, the
nonmonotonous nature of npp/ngis and ppp/psis With
respect to Oy is captured in the model with a reasonable
accuracy in regions I and III and with a more pronounced
deviation from the simulation results in region II. Note that
better matches between the model and simulation results
can be obtained by adjusting the choice of F, and therefore
defr, for specific electrical and geometrical configurations.

Np +

eff

K, ~

2. Applicability and limitations of parallel-plate models

Analyzing surface textures as parallel-plate structures
is relatively simple, but there are certain limitations on
the applicability of formulations [e.g., Eq. (12)] that are
based on them to a multidimensional texture with a finite
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FIG. 9. Comparison of the npp/nsis and ppps/psis obtained
from the compression model (black filled circles) and fully
numerical simulations (red hollow circles) for W = 100 nm.

height. To clarify the range of applicability and practical
uses of these models, we compare the relative changes in
free carrier concentrations upon geometrical modifications
for oblique and parallel-plate structures. We assume that
ptextured,s/ Pplanar,s and ntextured,s/ Nplanar,s at a location on an
oblique facet can be approximated by the ppp/psis and
npp,s/nsis of a parallel plate with W equal to the lateral sep-
aration between the oblique facets (denoted as w) at that
particular location as in

Ptextured,s (h) ~ pPP,s[W(h)]

PSLs

(13)

Pplanar,s

where / is the distance along the surface where the origin
is located at the bottom end of the surface.

A comparison of prextured,s/Pplanar,s that is (i) extracted
from simulations of an oblique texture with a finite
height [Fig. 1(b)], (ii) calculated from ppps/psis, Which
is extracted from simulations of parallel-plate structures
(Fig. 5); and (iii) calculated from ppp;/psis, which is
approximated according to Eq. (12), is shown in Fig. 10
for Or =35 x 10'° cm~2. Along a large portion of the
oblique surface, the three results agree with one another.
Yet, Piextured,s/Pplanars 1S underestimated in parallel-plate
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FIG. 10. A comparison of piextured,s/Pplanar,s along an oblique
texture facet and those obtained from parallel-plate simulations
and from calculations based on the equations derived from the
compression model where the plate separation, w(k), is assumed
to be equal to the lateral facet separation of the oblique tex-
ture at that particular location. Oy is positive and equal to 5 x
10'° cm~2. The region where a local surface-to-volume reduc-
tion results in a Prextured,s/Pplanar,s greater than unity is indicated
by the dashed circle in the gray-colored schematic of the texture.
The vertical dark blue lines mark the bottom and top ends of the
texture surface.

configurations at locations that are very close to the top
and bottom ends of the texture facet. In both regions,
the volume available for dielectric charge compensation is
underestimated with the parallel-plate models. At the top
end of the texture where the opposing facet ends meet,
w(0) is equal to 0 according to the parallel-plate models,
meaning that there is no volume in silicon for dielec-
tric charge compensation. However, this is not the case
physically, and these models fail near this location where
npps/ns1s and ppp s /psis approach to infinity and 0, respec-
tively. On the other hand, near the bottom end of the
texture, a clear deviation from the volume compression
assumption is observed. The volume available for dielec-
tric charge compensation locally expands near the sharp
bottom end, leading to a local reduction in the surface-to-
volume ratio. This leads to a degraded field-effect passi-
vation compared to that observed in a planar structure and
Ditextured,s/Pplanar,s becomes larger than unity near the bot-
tom end. This local decrease in the surface-to-volume ratio
contradicts the volume compression assumption inherent
to a parallel-plate-based model. Since the volume in sil-
icon that is allocated to the SCRs of the opposing facets
of a parallel-plate cannot get any larger than the volume
available in the semi-infinite configuration, the volume
expansion at the bottom end of the texture is not captured
by these models.

As indicated by the local variations in the surface-
to-volume ratio along the surface of the texture, the

101 3 v T v T v T
i == Oblique texture
""" Parallel-plate
2 10°F
N R=0.707
§ 50 nm L=1um \\'
% '
Q107" kb e
]
10—2 N 1 N 1 N 1
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Distance along the surface, h (nm)
FIG. 11. A comparison of piextured,s/Pplanar,s attained from sim-

ulations of oblique textures and calculations based on the sim-
ulations of parallel-plate structures, as in Eq. (13), for different
texture geometries having a positive Oy = 5 x 101 cm=2.

applicability of parallel-plate models is influenced consid-
erably by the geometry of the texture. In particular, devia-
tions from parallel-plate assumption arise when either one
of the two geometrical characteristics is present in the
oblique texture; when the length of the texture facet is
very small so that the effects of expansion and compres-
sion overlap, and when R is small so that the assumption
of facets being parallel to each other is not very realis-
tic. Figure 11 Sshows piextured,s/Pplanar,s fOr two structures
where the error observed with a parallel-plate model is rel-
atively large: a texture with L =50 nm and R = 5 and
a texture with L =1 um and R = 0.7. For the smaller
texture of the two, underestimation of piextured,s/Pplanar,s 18
more significant than that observed for large textures since
the parallel-plate model does not take into account the
local surface-to-volume expansion near the bottom end,
and this mechanism is effective in a relatively large por-
tion of the short surface. Besides, carrier concentrations at
an oblique surface gradually converge to those in a pla-
nar surface as a texture becomes smaller. However, this
aspect is also not captured in parallel-plate models and the
underestimation of piextured,s/Pplanar,s beCcomes more pro-
nounced with decreasing period (data not shown). In that
case, parallel-plate models are no longer applicable in the
form they are used in this study. For the larger texture (i.e.,
L =1 pum and R = 0.7), the difference between oblique
texture simulations and calculations based on parallel-plate
simulations is not as significant. Yet, near the top of the
texture, the difference is still higher than that observed with
high-aspect-ratio textures.

C. The choice of passivation method and material

Field-effect passivation can be classified under two main
groups as intrinsic and extrinsic [32]. Whereas intrinsic
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FIG. 12. Materials that are commonly used to passivate silicon
surfaces and the associated Oy values reported in the literature for
planar surfaces. The filled and open circle markers indicate the
positive and negative Oy, respectively. Boxes filled with oblique
lines indicate the range of O that is expected to be accessible
with zero-charge stacks. The colored region between a Oy of 5 x
108 to 2 x 10'! cm~? indicates the range where the modification
in field-effect passivation upon texturing is relatively significant.

passivation relies on the charge generated in the films dur-
ing the depositions, extrinsic passivation is used to modify
the effective Oy, typically by utilizing a corona-charge
device following the film depositions [32—39].
Considering intrinsic passivation, Fig. 12 illustrates a
set of commonly used materials and the associated O
values reported in the literature. For silicon, some of
the most commonly used single-layer passivating mate-
rials have been SiO, [17,40-46], SiN,:H [47-50], Al,O3
[47,51-54], and intrinsic (i) a-Si:H [55-58] (“:H” in hydro-
genated films is omitted for brevity later in the text).
HfO, is also worth mentioning due to the tunability in
both the polarity and magnitude of Oy by varying pro-
cess parameters, which is rather rare among passivating
dielectrics [59—64]. Similarly, a difference in charge polar-
ity is observed for (i) a-Si films due to the amphoteric
interface states near the (i) a-Si/c-Si interface [56,57]. With
multilayer passivation, the effective Or can be modified
by varying the layer thicknesses since different densi-
ties and polarities of charges can accumulate at different
locations in a stack [65—607]. Whereas solely the mag-
nitude of the effective Oy is changed with stacks such
as SiO,/SiN, [68—70], the polarity can also be modified
with stacks such as SiO, /Al O3 [45,71,72], Al,O3/SiN,
[73,74], and HfO,/Al,05 [46,75]. Capable of providing
both low Or and defect density, the latter configurations are
also referred to as “zero-charge” stacks [72,75]. However,
very low Oy values associated with zero-charge stacks have
not been experimentally demonstrated so far, possibly due

to sensitivity limitations of the utilized measurement tech-
niques [71,74]. To mark this uncertainty in Oy, the range
extending to very low Oy values is indicated by oblique
dashes for these stacks in Fig. 12. Overall, while single-
layer (i) a-Si, thermally grown SiO,, and HfO, passivated
surfaces with moderate O appear more susceptible to a
change in field-effect passivation upon texturing, negli-
gible change is expected for Al,O; and SiN, passivated
surfaces with high Or. Additionally, the range of attainable
Oy is significantly extended with multilayer stacks, which
may allow it to benefit more easily from an optimized
field-effect passivation.

Considering extrinsic field-effect passivation, to our
knowledge, corona-charge deposition on dielectrics has
been the only technique that was pursued for solar cell
applications. The limits of Oy are limited by factors such
as the rate of charge deposition, the dielectric strength,
and the degradation that may occur in chemical passiva-
tion [38,76—78]. Although this technique has been used
mainly for electrical characterization of dielectric inter-
faces [79,80], it has the potential to be more widely utilized
in cell fabrication with recent advances in maintaining
the deposited charge over extended periods [32,35-39,81].
Overall, extrinsic passivation offers a flexible route to
adjust Oy, with the potential to be integrated into already
established intrinsic passivation schemes.

The ability to tailor Oy through both intrinsic and extrin-
sic passivation provides opportunities to maximize the
benefit from field-effect passivation in textured surfaces.
Yet, it should be noted that this maximum benefit (i.e., min-
imum attainable S.r) may not necessarily correlate with a
low 0. Considering the stronger dependence of Sefr to Oy as
compared to o, one may ultimately choose to aim for large
Oy regardless of the surface geometry. Furthermore, o is
based on the assumption that Oy is the same for textured
and planar surfaces, which was demonstrated to be approx-
imately the case for random pyramid textured samples for
some dielectrics [5,82]. However, it is not certain if this
assumption is applicable to every surface morphology and
passivating material. Since S has a strong dependency on
Or (e.g., Qs for large Oy [83]), a violation in constant
Oy assumption can lead to significant differences in field-
effect passivation, which should not be mistaken with the
geometrical effects (i.e., o).

D. Effect of experimental error on o

Sefr can be calculated precisely in a simulation domain
with the exact knowledge of recombination rate at every
location of the simulated structures [see Eq. (5)]. However,
this knowledge is not always available in experiments, and
one may have to utilize certain assumptions for the cal-
culation. For example, one commonly used formulation
to calculate Ser from photocodunctance decay measure-
ments (assuming identical passivation at each side of the
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measured sample) is

d, 1 1
Sa= o (Lo ), (14)

2 \Teff  Tohulk

where dioq 18 the wafer thickness; 7. is the effective life-
time, which is a combination of both surface and bulk
recombination within the sample; and 7,k is the bulk life-
time of the sample, which is a combination of Auger, SRH,
and radiative recombination mechanisms. Assuming a spa-
tially uniform An and Ty, throughout the sample, Eq. (14)
is, in fact, analogous to Eq. (5). Yet, the accuracy of a cal-
culation based on Eq. (14) depends on the exact knowledge
of Ty, which may not be available. Some of the com-
mon practices in case of improper knowledge of Ty are
(1) assuming it is infinitely large, where the obtained Sex
corresponds to an upper limit, and (ii) using an intrinsic
recombination model, assuming negligible extrinsic (SRH)
recombination. However, specifically for low Seg, which is
likely to be observed for well-passivated planar surfaces,
the relative error associated with the calculation of S [i.¢.,
(Sefractual — Seffcalculated)/Seffactual] €an be significant. Con-
sequently, o calculated from these S values may deviate
significantly from the actual value.

To demonstrate the effect of a calculation error in Sey
on o, we consider three cases that can be observed in
an experiment. We assume Np = 1 x 10'> cm™ as in the
previous sections and, hence, an upper limit for T,y at
around 110 ms for An = 1 x 10'* ¢cm™3, calculated from
Richter’s intrinsic recombination model [24]. For all three
cases, dia1 1S 300 um and the actual o is 10, but the
actual Seqr and Ty values are different. First, t.¢ values for
textured and planar structures are calculated inserting the
specified diotal, Sefr, and Ty values into Eq. (14). Then, we
assume that these 7. values are measurement readings and
Tpulk 1S @ user input necessary to calculate the S values
through Eq. (14), where we vary the assumed ty from 1
up to 400 ms (which can be regarded close to the infinite
lifetime assumption).

Figure 13 shows the calculated o versus assumed Ty
for the three cases. For an actual 7, of 10 ms, both infi-
nite and intrinsic lifetime assumptions for T,y result in
a calculated o around 4.5, whereas it is, in fact, 10 (i.e.,
55% relative error). Similarly, for an actual 7y, of 30 ms,
the calculated o is underestimated with a relative error
of around 25% for both assumptions. On the other hand,
the error in o is less than 5% for both assumptions when
Seffplanar = 10, and g is much smaller compared to Ty
for both textured and planar structures. Overall, despite
the quite large actual Ty, values over 10 ms, the differ-
ence between calculated and actual o can be considerable,
especially for low Scfrplanar. These artificially low o values
can lead to the perception of an enhanced field-effect pas-
sivation in the textured structures when there is, in fact, no
considerable difference. Particularly for high passivation

Actual =10

Calculated o

— 1, = 10 ms, seﬁ,planar =1cmls
— T, = 30 ms, Seﬂ,planar =1cm/s
Touk = 30 Ms, Seﬂ’planar =10 cm/s
100 N PRI | aaal
10° 10" 10°
Assumed 7, , (Ms)
FIG. 13. o calculated from S values calculated according to

Eq. (14) for three different cases with different actual ) and
Sefftextured = O Seffplanar Values, where the actual o = 10 is fixed
for all cases. First, the hypothetical measurement reading e
is calculated using the actual tyy and Sey values. Then, Se
and consequently the o values are calculated with various Ty
assumptions.

configurations, such error should be avoided by extracting
Thulk S precisely as possible [84] or by using a performance
parameter other than Seg [83].

IV. CONCLUSIONS

Numerical analysis of field-effect passivation of planar
and textured surfaces reveals a nonmonotonous relation
between o and Oy for a constant An in the quasineutral
base. Carrier concentrations at the surface of structures
having a moderately large Oy appear to be influenced more
significantly from geometrical modifications than those
having small or large Q. Analyzing the electrostatics of
interacting SCRs of opposing surfaces, we show that the
parameter d.g, introduced in this study, is a major deter-
minant in this nonmonotonous behavior. In particular, the
small dc associated with the large Oy corresponds to a
localization of carriers close to the surface, which results in
relatively minor changes in carrier concentrations along a
large portion of the surface upon texturing. Additionally, it
is shown that simplified models that are based on parallel-
plate structures can be used to interpret and estimate the
relative changes in carrier concentrations along the surface
of oblique textures.

In the analysis, we assume that the interface parame-
ters are independent of surface geometry. Therefore, the
presented results regarding o, in fact, serve as a refer-
ence to what can be expected in an experimental scenario
where the interface parameters indeed remain the same
upon texturing. Deviations in experimental measurements
of o from these results are expected to provide guidance
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in the identification of differences between the interface
parameters of textured and planar surfaces.
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APPENDIX A: VALIDITY OF CONSTANT
QUASI-FERMI-LEVEL ASSUMPTION

For S,0 = 5 x 103 cm/s, the maximum difference in the
QFLs for electrons and holes throughout the SCR (i.e.,
|AEF,| and | AEF, |, respectively) are smaller than 0.2 meV
for the textured structures with a positive Qr. These dif-
ferences are similar for a negative Oy, except in region
I where a peak of roughly 2 meV is reached for con-
figurations with very large Uy (e.g., for a negative Oy =
2 x 10" cm™). Overall, since |AEp,| and |AEf,| are
much smaller than the thermal energy of the free carriers
(kT ~ 26 meV at 300 K), the constant QFL assumption can
be regarded as reasonable.

To determine whether the nonmonotonous relationship
between Oy and o differs for surfaces with varying passi-
vation qualities and to check the applicability limits of con-
stant QFL approximation, Sy is varied (keeping S,0/S,0 =
100) for a negative Oy as shown in Fig. 14. Whereas for a
relatively small S,0 = 1 x 10° cm/s, |AEp,| and |AER,|
peak near 1 meV, for a higher S,y = 1 x 103 cm/s, they
reach up to 25 meV, where Segtextured 18 the largest. How-
ever, trends regarding o change only slightly and the
constant QFL approximation remains feasible. For larger
Sy0, the constant QFL approximation starts to fail, yet these
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FIG. 14. o vs QO for various S,, where R =5. The red
horizontal line indicates the surface area enhancement.

S, values correspond to a rather poor interface passivation
than what is practically achievable in most cases.

APPENDIX B: SOLUTION TO POISSON’S
EQUATION FOR A PARALLEL-PLATE
STRUCTURE UNDER ILLUMINATION

Assuming Boltzmann statistics for carrier concen-
trations, Poisson’s equation is expressed in the one-
dimensional form as

2
L L T O Y Y S
dy? €

Np — Ny
n; ’

(B1)

where ¢r, = (kT/q) In(n;/n) and ¢g, = (kT/q) In(p /n;)
are the quasi-Fermi potentials for electrons and holes,
respectively. Neglecting the charge in the interface traps
(i.e., Or + Osc = 0), Gauss’s law and the symmetry in the
parallel-plate structure impose the boundary conditions

dis = @ (B2)
dy €

dyy

o 0, (B3)

where V¥, is the electrostatic potential at y = —W/2 and
y = —W/2, and v is the electrostatic potential at y = 0.
Using the relation d?vy/dy? = [d(dvy/dy)?/dyr]/2 for the
left-hand side of Eq. (B1) and integrating between y = 0
and y = /2 in combination with Eq. (B2) yields

qu — /2aniEs [eq(%—wn)/kT — A Wo—¢Fn)/kT
4o dWs—¢rp) /KT _ ;=q(bo—drp) /KT

a5 = %) (ND - NA>]”2
kT '

(B4)

n;

The solution of Eq. (B4) requires numerical iteration,
which was provided in previous works (including the
charge trapped at the interface states) for both dark and
illuminated cases for an infinitely thick base with ¢y = 0
[17,85]. However, v is nonzero for a parallel-plate struc-
ture and Eq. (B4) needs to be solved for two unknowns
(¥ and ). Therefore, a set of at least two equations is
required to calculate ;.

The electrical conditions induced in silicon due to fixed
dielectric charges are analagous to those created by a volt-
age applied to the gate of a metal-oxide-semiconductor
(MOS) structure. Here, we follow the works on undoped
[86] and doped [87,88] double-gate MOS field-effect tran-
sistors (DG MOSFETs) with a focus on the analyses

of .

034026-12



ANALYSIS OF FIELD-EFFECT PASSIVATION IN...

PHYS. REV. APPLIED 12, 034026 (2019)

Assuming an undoped silicon and a positive Oy, where
n > p, Poisson’s equation in Eq. (B1) reduces to

2

YV gw—grir (B5)
dy? e

Utilizing the same conversion used for d?v/dy? to obtain
Eq. (B4) and integrating Eq. (B5) twice between y = 0 and
an arbitrary y in silicon yields [86]

2kT W | ¢n; 28y

= b — [ = Lid Y
V() = ¢p p n 25\ 2e4T W (B6)
where
W @i go—gmnur
S N n)/2KT B7
p 2\ 2e4T° (B7)

As shown by Jin et al. [87], the solution in Eq. (B6) can
be inserted as a first order approximation to a simpli-
fied form of Poisson’s equation where one type of carrier
is neglected, but the dopant concentration is not. Conse-
quently, solutions for y» were attained for semiconductors
that are either fully depleted [87] or under accumulation
[88]. However, in our case, ¥ cannot be attained for the
complete range of positive and negative Oy when one type
of carrier is neglected. Here, we insert Eq. (B6) as a first-
order approximation to the complete form of Poisson’s
equation in Eq. (B1), taking into account both holes and
electrons. Integrating both sides of Eq. (B1) with respect
to y, with the boundary conditions in Egs. (B2) and (B3),
yields

dyr q qzn% W24\ brp—¢r)/KT /- 48y 4By
& e 643 ekT T
4Be.kT 28
— e tan Wy + (Np — NA)y:| . (B8)

Finally, integrating Eq. (B8) between y = 0 and an arbi-
trary y, we obtain

2kT w | ¢*n;

2
V) = b = in by

— COS
28\ 2e,kT W

302 W 4 PFp —PFn) /KT 4 88212
5" ¢ <l—cosﬂ+—ﬂy)

256842kT w e
q(Np — Na)y*
_ %. (B9)

The iterative solution of Egs. (B2) and (BS8) results in a
Or-dependent B, which can be inserted into Eq. (13) to
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FIG. 15. Comparison of ratios of carrier concentrations at the

surface of parallel-plate structures to those at the surface of
the semi-infinite structure based on simulations conducted by
ATLAS and from numerical iterations based solely on Eq. (B9)
with y = W/2. The comparisons are shown for (a) negative Oy in
the dark for ' = 20 nm and W = 100 nm and for (b) both neg-
ative and positive Oy under illumination for W = 100 and An =
1 x 10" cm™3. For the illuminated case, npps/nsy is shown for
the positive Oy and ppp,/psis is shown for the negative Q.

find the spatial distribution of 1. The attained i can be
used to calculate the » and p at the location of inter-
est. In this respect, Fig. 15 shows the comparisons of
npps/nsis and ppp/psis that are extracted from simula-
tions conducted by ATLAS and those that are calculated
by the numerical iteration of Egs. (B4) and (B9), for W =
100 nm, both in the dark and under illumination. Note
that the values of npp and ppp are calculated by solv-
ing Eq. (B9) at y = W/2. However, a major limitation of
Eq. (B9) is that it is not applicable for structures with
large W (roughly > 300 nm) where the overlap of SCRs
of opposing facets is insignificant. Therefore, it cannot be
used to calculate ngy and ps;, and to calculate these vari-
ables, Eq. (B4) is solved here for ¥y = 0. Overall, the
simulation results and solution of Poisson’s equation agree
with each other (Fig. 15) and validate the nonmonotonous
relationship between Oy and relative changes in carrier
concentrations.
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As a final remark, note that there are certain limitations
on the values B can attain. For a negative Oy, v is less
than 0 by definition and similarly, for a positive Oy, ¥ is
greater than 0. Then, one of the limits of § is

_ W @i g
ﬂhm - 2 ZéskTe (BIO)
for the case where ¥y = 0. Accordingly, the condition
B < Biim should be satisfied for a negative Or and B > Biim
should be satisfied for a positive Oy. In addition, B should
be greater than zero since the natural logarithm function
in Eq. (BY) is undefined for negative inputs. Furthermore,
the first and second terms of Eq. (B8) represent the charge
density provided by holes and electrons, respectively. For
small g, the first term of Eq. (BS) is dominant in deter-
mining Oy, whereas for larger B the second term with the
Btan B (where y = W/2) is the dominant one. However,
these terms are not the inverse of each other, and the distri-
bution of v is different, for example, for a positive Oy on a
p-type base (where 8 > Biim) and a negative Oy with sim-
ilar magnitude on an n-type base (where 8 < Biim). This
problem can be bypassed by either varying the polarity of
the ionized dopants to switch between accumulation and
inversion conditions or by redefining the initial approxima-
tion in Eq. (B5) and, accordingly, the 8 in Eq. (B7), to be
based on the carrier concentration that becomes dominant
with larger Oy.
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