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Abstract

We investigate the role of the silicon surface and orientation on double-sided

TOPCon solar cells properties. The solar cells of front and rear, (p) and (n), poly-Si/S-

iOiOx stack, fabricated on polished surfaces oriented h100i and h111i and pyramid tex-

tured surfaces, are characterized as a function of the thickness of an ultrathin SiOx

layer, controlled at atomic scale from one- to four-cycle atomic layer deposition

(ALD). Our findings underline that the optimized thickness of the ultrathin SiOx isis

about 1.1 ± 0.1 nm, corresponding to a two-cycle ALD, regardless of the surface and

orientation of the c-Si substrate. The open-circuit voltage is about 10 mV higher on

the polished h100i-oriented surface, associated with lower defect density at the

interface of SiOx/c-Si. On the other hand, the contact resistance is much lower, about

0.45 !/cm2, on the polished h111i-oriented surface. On textured surfaces, we dem-

onstrate a photoconversion efficiency of 19.1% for the double-sided TOPCon struc-

ture strictly for a SiOx thickness with two-cycle ALD, which underlines the

importance of the ALD technique for the precise control of the ultrathin SiOx thick-

ness on textured surface.

K E Y W O R D S

atomic layer deposition (ALD), polycrystalline silicon (poly-Si), pyramid texture, silicon oxide

(SiOx), surface orientation, tunnel oxide passivated contact (TOPCon)

1 | INTRODUCTION

Since a photoconversion efficiency (PCE) over 25% is reported, the

tunnel oxide passivated contact (TOPCon) solar cell structure1 and

more generally the doped polycrystalline silicon/silicon oxide (poly-

Si/SiOx) stack such as SIPOS2 or POLO3,4 have gained interest

with already industrialized processes presenting an impressive

median PCE close to 24%.5 For both-side contacted solar cells, the

best performance at industrial level, with a PCE about 24.6%,5,6

are remarkably close to the best PCE at research level, reported at

25.8% for a TOPCon structure1 and at 25.1% for a HIT hetero-

junction structure.7 Further improvements are expected by

employing also a TOPCon structure for the boron-doped (p-type)

front side instead of the boron-diffused emitter, to limit the num-

ber of high-temperature processes, and thus the impurities

introduced over the surface.8 For this purpose, front and rear, p-

and n-type, double-sided TOPCon solar cells are an important

structure to investigate the details of the front p-type contact. This

structure can be integrated into a full industrial fabrication process

with front and rear contacts, if the direct tunneling process for

holes through the thin silicon oxide layer (SiOx) is well controlled.

Indeed, SiOx layer exhibits a higher barrier for holes than for elec-

trons ("EV = 4.5 eV and "EC = 3.1 eV).9,10 Besides, due to their

excellent thermal stability, such structure can be also integrated

into tandem solar cells, for example, like perovskite-silicon tandem

structure that presents a PCE close to 30%.11,12

The fabrication of TOPCon solar cell involves a high temperature

(high T) annealing about 850 C, where the dopants diffuse from the

doped poly-Si layer to the SiOx interface creating a field effect passiv-

ation and also inside the c-Si wafer generating a junction. The high
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T annealing also induces the effusion of hydrogen from the SiOx/c-Si

interface, and thus, a hydrogenation step is necessary to terminate

chemically the dangling bonds.13 The dopant diffusion and hydrogena-

tion phenomena are highly dependent on the SiOx thickness, the dop-

ant concentration in the poly-Si layer,14 the hydrogenation method,

and the surface morphology, which complicate the process optimiza-

tion of TOPCon solar cells.

For the poly-Si/SiOx stack, the ultrathin SiOx layer must be below

1.5 nm to allow the tunneling of photogenerated carriers,13 usually

deposited by wet chemical oxide,13,15 dry oxide,3 or UV-O3
16 on sili-

con wafer with polished surface. Interestingly, lower passivation prop-

erties are generally reported on textured surfaces.15,17 The double-

sided TOPCon structures have been recently investigated9,15,18–21;

however, some works use only the front side textured with the

(n) stack.15,19,20 PCE about 19.6% is reported using TCO-free device

with T-seeded Cu-plated front contact,20 and the best PCE about

22.6% used doped silicon carbide on front-side textured and back-

side polished.21 To further enhance the PCE, it is necessary to study

the role of the surface orientation h100i or h111i and the effect of

polished or textured surfaces as a function of the ultrathin SiOx

thickness.

In this work, the photovoltaic properties of double-sided, front

(p) and rear (n), TOPCon solar cells are presented on polished silicon

surface-oriented h100i and h111i and on textured wafer as a func-

tion of the ultrathin SiOx thickness. The structure consists of

(p) poly-Si/SiOx/(n) c-Si/SiOx/(n) poly-Si (Figure 1). The SiOx layer is

formed by atomic layer deposition (ALD), which yields excellent

conformal coverage over the textured surface and a thickness con-

trol at atomic level.22 Here, we particularly concentrate on the pho-

tovoltaic properties, surface passivation, and boron and hydrogen

profiles realized by SIMS, depending on the silicon surface orienta-

tion and the polished or textured surfaces.

2 | EXPERIMENTAL

2.1 | Silicon wafer preparation

Floating zone (FZ) silicon wafers, phosphorus-doped (n-type),

1–5 ! cm, 280-#m-thick, polished double sides with surface-oriented

h100i and h111i are used in this study. Some wafers oriented h100i

are textured by KOH-based chemical etching at 80 C for 15 min

F I G U R E 1 Illustration of the solar cell

structures fabricated on n-type c-Si wafer with

polished surfaces oriented h100i and h111i and

textured surfaces. The (A, B) top views and (C, D)

side views of the h100i and h111i surface

orientations are also represented at atomic scale.

The surface atom density is 2
aSi

2

= 6.78 × 1014 at/cm2 for the plan h100i

and 2
!!

3
p

2 × aSi
2

= 7.83 × 1014 at/cm2 for the plan h111i

[Colour figure can be viewed at

wileyonlinelibrary.com]
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removing about 10 #m on front and rear surfaces cumulated and for-

ming pyramidal shape with h111i facets.23 The size of the pyramid

structure is typically 3 to 5 #m. Next, the wafers are cleaned by our

standard cleaning process24 to remove the native oxide and the impu-

rities on surface. This process consists of (i) native oxide removal and

chemical oxide growth by a self-heated solution at 75 C for 15 min

(H2SO4:H2O2 ratio 4:1), (ii) an oxide etching for 2 min (HF:HCl:H2O

ratio 1:1:20), (iii) an oxide growth for 15 min (HCl:H2O2:H2O ratio

1:1:5), and then (iv) a diluted HF (DHF) solution for 30 s (HF:H2O ratio

1:20) to remove the oxide layer and to saturate the surface termina-

tion with H atoms. The cleaned wafers are transferred into a vacuum

box between each process to reduce the oxidation and contamination.

The H-terminated surface of silicon wafer is stable up to roughly

30 min under ambient air.25,26

2.2 | Silicon oxide, a-Si:H deposition, and post

annealing

The ultrathin SiOx is deposited by means of plasma-assisted ALD

(Oxford Instruments FlexAL® system). The deposition temperature is

set at 300 C for the full ALD process. The tris(dimethylamino)silane

(3DMAS) precursor is used as a silicon source. An oxygen (O2) plasma

is used as an oxygen source, generated by an inductively coupled

plasma (ICP) with 13.56-MHz radio frequency (RF) power of 250 W at

an O2 pressure of 15 mTorr. The sources' exposure time (3DMAS and

O2 plasma) is kept constant at 5 s. The thicknesses of SiOx films are

controlled by the number of ALD cycles set at 1, 2, 3, or four cycles,

symmetrically at the front and the rear sides. By using spectroscopic

ellipsometry (SE) in situ for polished wafers, the thickness is moni-

tored throughout the ALD processes. The SiOx films with three and

four ALD cycles are measured at 7 ± 1 and 9 ± 1 Å, respectively; how-

ever, the determination of the thicknesses with only one or two ALD

cycles are more uncertain due to fitting difficulties, estimated about

3 and 5 Å,* respectively. The SiOx thickness is determined under

the assumption of a Cauchy model for polished wafers.

Next, the c-Si wafers are transferred into the plasma-enhanced

chemical vapor deposition (PECVD) system in a downflow configura-

tion for the deposition of a-Si:H layers. For the front (p) stack, an

intrinsic (i) a-Si:H layer, about 20 ± 1 nm estimated on a polished sur-

face, is deposited at 165 C with a mixture of SiH4 and H2 flows,27

followed by a (p) a-Si:H layer about 2 nm deposited at 140 C with a

mixture of SiH4, H2, and B2H6 flows. For the rear (n) stack, a (n) a-Si:H

layer about 22 ± 1 nm is deposited at 140 C with a mixture of SiH4,

H2, and PH3 flows. The thicknesses of (i), (p), and (n) a-Si:H layers are

determined on polished surface from SE assuming a Tauc-Lorentz

model.

Polished wafers oriented h100i and h111i and textured wafers

are loaded at the same time during ALD and PECVD processes to pre-

vent any condition and thickness discrepancies. Then the samples are

annealed in a furnace at 820 C for 1 h in vacuum. The temperature

ramps are set as low as 100 C/h for both the annealing and cooling

down to prevent blistering effect on surface.28,29

The doping concentration and the junction depth of the boron

and hydrogen atoms from the front (p) stack are confirmed by SIMS

measurements. Besides, the oxygen, carbon, and nitrogen concentra-

tions are also analyzed.

2.3 | Hydrogen plasma treatment

A hydrogenation step is necessary to passivate the defects, mainly

the dangling bonds,30,31 at the SiOx/Si interface and inside the

poly-Si/SiOx stack due to the effusion of hydrogen from the mate-

rial during the high T annealing step.22 For this, hydrogen plasma

treatment (HPT) is performed at 300 C for 1 min, using the capaci-

tively coupled discharge in a parallel-plate configuration.32,33 During

HPT, the hydrogen pressure is set at 0.5 Torr with a power den-

sity at 60 mW/cm2 and a frequency at 85 MHz. The distance

between the discharge electrodes is set about 2 cm.

2.4 | Characterization of the surface passivation

The passivation properties are characterized at room temperature by

the quasi-steady-state photoconductance method (QSSPC, Sinton

WTC-120).34 The measurements of the effective lifetime (!eff) of

minority carriers and the implied open-circuit voltage (iVoc) are per-

formed at an injection level of 1 × 1015 cm 3on non-symmetric struc-

tures, with (p) poly-Si at the front and (n) poly-Si at the rear, on

polished and textured c-Si surfaces. A high !eff reflects a high-quality

passivation. The saturation current density (J0) is also measured by

QSSPC at high injection level.35

2.5 | Solar cell structures

A stacked layer of doped poly-Si and silicon oxide passivates the c-Si

surface of n-type wafers. As described above, boron-doped (p-type)

a-Si:H is deposited on the top, and phosphorus-doped (n-type) a-Si:H

is deposited on the back. The as-deposited structure is (p) a-Si:H

(2 ± 1 nm)/(i) a-Si:H (20 ± 1 nm)/SiOx/c-Si/SiOx/(n) a-Si:H (22 ± 1 nm).

After high T annealing, the structure becomes (p) poly-Si (22 ± 1 nm)/

SiOx/c-Si/SiOx/(n) poly-Si (22 ± 1 nm) (Figure 1), where the (p) a-Si:H/

(i) a-Si:H stack is used as a precursor of the front (p) poly a-Si:H layer

to control the boron diffusion through the ultrathin SiOx layer.36

Hereafter, we denote the (p) and (n) poly-Si/SiOx stacks as (p) and

(n) stacks, respectively. The (p) stack is about 22 nm to avoid severe

ITO sputtering damage.37 The solar cell structures are annealed with a

single high T annealing step, thus making a TOPCon-type structure for

both front and back surfaces.

After high T annealing and HPT steps, 70-nm ITO films are depos-

ited by RF sputtering technique at the front and rear surfaces as an
*After the fabrication process, the SiOx (ALD 2c) thickness is accurately measured by TEM at

1.1 ± 0.1 and 1.3 ± 0.1 nm on polished h100i- and h111i-oriented surface, respectively.
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anti-reflective and conductive coating. A low temperature annealing

step is performed at 160 C for 2 h to recover from the ITO sputtering

damage.38 Then, the ohmic contacts are formed by DC magnetron

sputtering a 3.6-#m-thick Ag for the front grid and a 0.7-#m-thick Ag

for the rear contact on the full area. During the sputtering, the

TOPCon surface is heated by the magnetron plasma,39 which may

induce the H effusion from the interfacial area of (p) poly-Si/SiOx/c-

Si, and could result in the passivation degradation.

The current–voltage (I–V) characteristics of the solar cells are per-

formed under the standard AM 1.5G (100 mW/cm2) irradiance. The

illuminated area used for the measurement of the short-circuit current

(Jsc) and thus the photoconversion efficiency is measured at

1.045 cm2, which includes the grid shadowing (0.028 cm2) over the

single cell (1.017 cm2).

The contact resistivity "c with the (p) poly-Si layer is evaluated by

the transmission line method (TLM) on a specific front line patterned

beside the solar cells from the same c-Si wafer.

2.6 | Polycrystalline layers on textured surfaces

The crystallization of the boron-doped front polycrystalline layers has

been investigated at a valley and at the top of a tip of the textured

surface by analyzing the fast Fourier transform (FFT) patterns on

localized areas from the high-resolution transmission electron micros-

copy (HR-TEM) images.

3 | EXPERIMENTAL RESULTS

3.1 | Solar cells performances

The solar cells' performances are shown in Figure 2. A comparison

between the open-circuit voltage (Voc), the short-circuit current (Jsc),

the fill factor (FF), and the photoconversion efficiency (PCE) is pres-

ented as a function of the ultrathin SiOx thickness with one, two,

three, and four ALD cycles between identical double-sided TOPCon

solar cells fabricated on c-Si polished h100i and h111i and textured

surfaces (Figure 2A). Hereafter, we use the notation SiOx 1c, 2c, 3c,

and 4c for the SiOx thicknesses with one, two, three, and four ALD

cycles. For each case, the I–V characteristics (Figure 2B) and the

external quantum efficiencies, EQE, (Figure 2C) are also displayed.

On Figure 2A, the highest Voc values are measured at 641, 631,

and 624 mV on polished h100i and h111i and textured surfaces,

respectively. Interestingly, these Voc are obtained for SiOx 2c regard-

less of the surface and orientation. Voc quickly decreases for thicker

SiOx at 3c and 4c.

For Jsc (Figure 2A), the textured wafers provide much higher Jsc

due to a more efficient absorption of the AM 1.5G spectrum in infra-

red region.40 The highest Jsc value is obtained for the thinnest SiOx 1c

at 39.24 mA/cm2 and decreases for thicker SiOx layer on textured sur-

faces. For polished h100i and h111i wafers, the best Jsc is measured

at 34.25 mA/cm2 and 34.32 mA/cm2 with SiOx 2c, respectively, and

also decreases with thicker SiOx layer. Jsc, obtained by integration of

EQE spectra, are presented in Table S1.

Regarding FF (Figure 2A), the values are relatively similar for SiOx

1c and 2c and then quickly drop. The best FF are observed for SiOx 2c

regardless of the surface and orientation. As shown, FF are measured

at 0.76, 0.76, and 0.79, on polished h100i and h111i and textured sur-

face, respectively. Here, we can notice that the loss in FF for thicker

SiOx at 3c and 4c is more pronounced for polished surfaces. This is

well observed on the current–voltage characteristics (Figure 2B).

For each solar cell structures, regardless of the surface and orien-

tation, the best PCE is observed at SiOx 2c (Figure 2A,B). The PCE are

measured at 16.76%, 16.59%, and 19.11% on polished h100i and

h111i and textured surfaces, respectively. The loss in performance for

thicker SiOx layer, at 3c and 4c, seems mainly attributed to a degrada-

tion of the FF due to a large series resistance (Figure 2B) and a weak

back surface field, indicated by the EQE response at long wavelength

range (Figure 2C), and also discussed in Figure S1.

Regarding the EQE (Figure 2C), for polished h100i and h111i

wafers, the full spectral response is affected for thicker SiOx. On

the contrary, for textured wafers, the short wavelength response

( 300 to 600 nm) is not affected. The difference occurs only at

longer wavelengths from 750 to 1200 nm; for example, at

wavelength of 1010 nm, the EQE is 0.88 for SiOx 2c and drop at

0.60 for SiOx 4c.

3.2 | Evolution of the effective lifetime

The effective lifetime, !eff, is monitored throughout each step of the

fabrication process for the double-sided TOPCon solar cell structures

(Figure 3). As described, solar cell (non-symmetric) structures, with

(p) poly-Si at the front and (n) poly-Si at the rear side, are used in this

study. The evolution of !eff is presented for polished h100i wafers

(Figure 3A), polished h111i wafers (Figure 3B), and surface-textured

wafers (Figure 3C) depending on the SiOx thickness 1c, 2c, 3c, and 4c.

Concerning the evolution of !eff on polished h100i wafers

(Figure 3A), we observe a lifetime improvement after high T (at 820 C

for 1 h, as described in Section 2), which is again enhanced after

hydrogen plasma treatment (HPT). The highest !eff is measured after

DHF at 1041 #s for SiOx 2c, which corresponds to an implied iVoc at

680 mV and a saturation current density J0 at 21 fA/cm2. For thinner

or thicker SiOx with 1c or 4c, !eff and iVoc strongly drop. Thus, the

optimized thickness for the SiOx is 2c, and !eff for SiOx 3c is slightly

below. A strong reduction of !eff is observed after ITO deposition, due

to the passivation losses induced by ITO and Ag sputtering

processes,41 which is not sufficiently recovered after an annealing

at 160 C for 2 h,†and !eff is measured at 596 #s (iVoc at 669 mV) for

SiOx 2c.

The evolution of !eff on polished h111i wafers (Figure 3B) is

quite different; almost no !eff improvement is observed after high

†An optimization of the recovery was attempted: slightly higher temperature or longer time

have a negative effect on the lifetime recovery.
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T step, and then an improvement is observed after the HPT. The

highest !eff is measured prior DHF at 854 #s for SiOx 3c, which

corresponds to an iVoc at 665 mV and a J0 at 205 fA/cm2. After

the ITO deposition followed by annealing, the lifetime recovery is

again relatively low at 518 #s (iVoc at 651 mV) for SiOx 3c.We

should note that the optimized SiOx thickness is 2c on polished

h100i surface and slightly thicker with SiOx 3c on h111i-oriented

surface (Figure 3A,B).

Finally, the evolution of !eff on textured wafers (Figure 3C) is also

unique; similarly to polished h100i surface, the optimized SiOx layer

thickness is 2c ALD. However, contrary to the polished surfaces, the

SiOx with 3c does not provide sufficient passivation, which underlines

the precise thickness control necessary that can be obtained by the

plasma-assisted ALD deposition. Similarly to polished h111i wafers,

!eff does not improve much after high T; an enhanced passivation

property is only observed after HPT for the structure with SiOx 2c.

F I G U R E 2 (A) Solar cell characteristics as a

function of the ALD cycles for the SiOx ultrathin

film and the wafer surface: polished oriented

h100i and h111i and textured. (B) Related

current–voltage (I–V) characteristics and

(C) external quantum efficiencies (EQE) [Colour

figure can be viewed at wileyonlinelibrary.com]

LOZAC'H AND NUNOMURA 1005
 1

09
9

15
9x

, 2
02

0, 10
, D

o
w

nlo
aded fro

m
 h

ttps://on
linelib

rary.w
iley.co

m
/d

oi/1
0.10

02
/pip

.33
04

 b
y

 S
m

ith C
olleg

e L
ibraries S

erial, W
iley

 O
n

line L
ib

rary o
n [0

4/1
2/2

02
5]. S

ee the T
erm

s an
d C

o
nd

ition
s (http

s://o
nlin

elibrary
.w

iley
.com

/term
s-and

-co
nd

ition
s) on

 W
iley O

n
line L

ib
rary fo

r ru
les o

f use; O
A

 articles are g
ov

ern
ed by

 the ap
plicab

le C
reative C

om
m

o
ns L

icen
se

SEG Solar, EX1014, Page 5



The highest !eff, corresponding iVoc, and J0 are measured at 820 #s,

677 mV, and 100 fA/cm2 for SiOx 2c prior DHF and at 802 #s,

676 mV, and J0 104 fA/cm2 after DHF. The best !eff is in the same

range as the one measured on polished h111i wafers over 800 #s.

Here also, after ITO deposition and annealing, the lifetime recovery is

limited; !eff is measured at 438 #s (iVoc at 659 mV) for SiOx 2c.

3.3 | Conformal thickness analyzed by TEM

High-resolution TEM images are investigated for the front (p) poly-

Si/SiOx stack of the double-sided TOPCon solar cells with SiOx 2c

fabricated on polished h100i and h111i and textured surfaces

(Figure 4).

On polished surfaces (Figure 4A,B), the thickness of the

(p) poly-Si layer is measured at 17.3 ± 0.2 nm and at

17.4 ± 0.2 nm for h100i and h111i surfaces, respectively. The

thicknesses of (p) poly-Si layer are confirmed to be similar between

h100i and h111i surfaces. The ultrathin SiOx layers are measured

at 1.1 ± 0.1 and 1.3 ± 0.1 nm for h100i and h111i surfaces,

respectively. Thus, the ultrathin SiOx 2c is slightly thicker for h111i

surface. Besides, the SiOx 2c thickness determined from TEM

images (1.1 ± 0.1 and 1.3 ± 0.1 nm) is thicker than those esti-

mated from in situ SE ( 0.5 nm) on polished surface. The nature

of the (p) poly-Si is well underlined with some atomic plans clearly

visible in some areas, and still amorphous in the other areas, thus

the diffraction pattern from nanobeam diffraction (NBD) does not

present a clear diffracted pattern.

For the textured surface, HR-TEM is performed at a valley

(Figure 4C) and at the top of a tip (Figure 4D). At the textured valley,

the thickness of the (p) poly-Si is measured at 10.3 ± 0.2 nm on the

slope and at 12.2 ± 0.2 nm at the bottom. The thickness at the bottom

is well about 30% thinner than on polished surface by using the exact

same recipe at the same time. However, on the slope, the thickness

measured is quite thinner about 40% compared with the same deposi-

tion over a polished surface. The ultrathin SiOx is measured at

1.2 ± 0.1 nm. In the valley, the nature of the (p) poly-Si is well poly-

crystallized, which is underlined by the diffraction pattern with both

crystallized and amorphous areas.

The same measurements are performed at the top of a tip. Here,

the (p) poly-Si is also about 10.5 ± 0.2 to 10.8 ± 0.2 nm on the slopes

and at 14.3 ± 0.2 nm at the very top, which is about 40% to 20% thin-

ner than on a polished surface. The ultrathin SiOx is measured about

1.1 ± 0.1 nm on one slope to 1.0 ± 0.1 nm on the other. The polycrys-

talline nature of the (p) poly-Si layer is here also well underlined with

the diffraction patterns. Thus, some disparities are underlined by HR-

TEM images concerning mainly the variation of the (p) poly-Si on a

textured surface, but also slight variations of the ultrathin SiOx itself

from 1.0 to 1.2 nm.

3.4 | Dopant profile by SIMS analysis

SIMS analysis is performed to investigate the boron dopant and the

hydrogen profiles at the front of the double-sided TOPCon solar cell

structure with SiOx 2c on polished h100i and h111i surfaces

(Figure 5). After the fabrication steps processed at the same time, the

boron dopant profiles (Figure 5A) are similar from the (p) poly-Si sur-

face to the ultrathin SiOx where a peak about 1.4 × 1020 at/cm3 is

measured at 16.3 ± 0.5 nm depth. Then, up to 60 nm depth, the boron

concentration is slightly larger on polished h111i surface, above the

detection limit of the SIMS measurement for the boron element

( 1016 cm 3). And the boron concentration profile is slightly deeper

on polished h100i surface with a junction depth measured at

110 nm compared with 100 nm on h111i surface, above the SIMS

depth resolution ( 2 nm). This can be attributed to a slightly thicker

SiOx film h111i surface, as described above.

F I G U RE 3 Evolution of the effective lifetime !eff measured at

each fabrication step as a function of the ALD cycle for the SiOx

ultrathin film and the wafer surface: polished oriented h100i and

h111i and textured [Colour figure can be viewed at wileyonlinelibrary.

com]
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Concerning the hydrogen profile (Figure 5B), both profiles are

quite similar within the incertitude of the measurement. The hydrogen

peak concentration in the ultrathin SiOx is measured at 1.35 × 1021

and 1.45 × 1021 at/cm3 for h100i and h111i surfaces, respectively,

and localized about 15 ± 0.5 nm. The measurements underline a

slightly deeper profile for the h111i surface at 20.5 ± 0.5 nm com-

pared with 19.3 ± 0.5 nm for h100i surface; however, it may be within

the detection limit and incertitude of measurement.

3.5 | Ohmic contacts

By using the TLM pattern present on each solar cell structure at

the front (p) stack, the contact resistances are measured as a func-

tion of the SiOx thickness for ALD 1c, 2c, 3c, and 4c depending

on the surface and orientation (Figure 6). A striking difference is

observed between the orientations h100i and h111i. For the thin-

nest SiOx 1c, the contact resistances are measured at 0.63, 0.20,

and 0.37 ! cm2 for polished h100i and h111i and textured sur-

faces, respectively. On polished h100i surface, the contact resis-

tance increases drastically with the SiOx layer thickness, while on

polished h111i and textured surfaces, the contact resistance

remains relatively low up to SiOx 3c. For SiOx 4c, both polished

surfaces present a larger contact resistance compared with the tex-

tured surface. The observed low contact resistance for the

textured surface can be owing to the geometrical effects. The sur-

face area is larger for the pyramidal texture, and the contact

between the (p)-poly Si and ITO is better. Also, for the same front

Ag grid pattern, the contact area with Ag is larger on textured sur-

face, so the collection of the current would be better. Another

consideration of a lower contact resistance for textured surfaces

could be attributed to the dopant diffusion profile. Near the top of

a tip, the diffusion profile from the four facets may overlap,

whereas at a valley, a single point-source remains.

4 | DISCUSSIONS

4.1 | Carrier lifetime and open-circuit voltage

The effective carrier lifetime !eff, closely related to Voc, is an important

parameter of the surface passivation of TOPCon structure. The life-

time strongly depends on the density of defects such as dangling

bonds at the SiOx/c-Si interface and in (p) stack.42 These defects are

mostly passivated by the field effect and also chemically with hydro-

gen. In this study, the field effect is manipulated with the boron diffu-

sion into the c-Si bulk through the SiOx layer, where the SiOx layer

thickness plays important roles. The chemical passivation is performed

during the hydrogenation step,32,42,43 where the dangling bonds are

terminated with hydrogen.

F I G U R E 4 TEM images of the front (p) poly-Si/SiOx stack on the best solar cell structure using SiOx ALD two cycles, with a comparison

between polished oriented (A) h100i and (B) h111i and textured surfaces' (C) bottom of a valley and (D) top of a tip. For each case, the areas used

for the nanobeam diffraction (NBD) patterns are in red circle and underline the polycrystalline silicon layers [Colour figure can be viewed at

wileyonlinelibrary.com]

LOZAC'H AND NUNOMURA 1007
 1

09
9

15
9x

, 2
02

0, 10
, D

o
w

nlo
aded fro

m
 h

ttps://on
linelib

rary.w
iley.co

m
/d

oi/1
0.10

02
/pip

.33
04

 b
y

 S
m

ith C
olleg

e L
ibraries S

erial, W
iley

 O
n

line L
ib

rary o
n [0

4/1
2/2

02
5]. S

ee the T
erm

s an
d C

o
nd

ition
s (http

s://o
nlin

elibrary
.w

iley
.com

/term
s-and

-co
nd

ition
s) on

 W
iley O

n
line L

ib
rary fo

r ru
les o

f use; O
A

 articles are g
ov

ern
ed by

 the ap
plicab

le C
reative C

om
m

o
ns L

icen
se

SEG Solar, EX1014, Page 7



The SiOx thickness influences the boron diffusion and so the qual-

ity of the p-n junction at the front (p) stack and also the phosphorus

diffusion at the rear (n) stack, that is, the quality of the n-n+ junction

generating the back surface field. If the SiOx thickness is too thin

(e.g., SiOx with one-cycle ALD), a stronger dopant diffusion occurs

generating some Auger recombination, and the interfaces with SiOx

cannot be well passivated after the hydrogen plasma treatment (HPT)

step. On the other hand, if the SiOx thickness is too thick (but still

within the carrier tunneling condition below 2 nm44), the dopant diffu-

sion is strongly attenuated, and the front and rear field effects are

weakened, where the !eff and Voc remain slow even after HPT. For

the optimized SiOx thickness (i.e., SiOx with two-cycle ALD), the dop-

ant diffusion and so the field effects (front and rear) are optimized;

however, an HPT step is still necessary to terminate the dangling

bonds at the interfaces poly-Si/SiOx and SiOx/c-Si. Thus, enhanced

!eff and Voc are obtained after an optimization of the field effects

(junction formation) and the chemical passivation (H-termination of

the dangling bonds by HPT).

The best lifetime over 1000 #s is observed on the polished h100i

surface with a SiOx thickness of 2c ALD for non-symmetric solar cell

structures with a front (p) stack and a rear (n) stack. Concerning the

solar cell properties, this is translated by an enhanced open-circuit

voltage Voc at 641 mV also observed on the polished h100i surface

using a SiOx thickness of 2c ALD. This can be primary attributed to

the SiOx/Si interface that presents a lower interface state density Dit,

about 1010 cm 2 eV 1, on h100i-oriented surface compared with Dit

on h111i, about 3 × 1011 cm 2 eV 1,17,45,46 yielding a higher carrier

mobility at the interface with c-Si h100i. Besides, it is known that the

surface recombination velocity Sn,0 at the interface SiOx/c-Si doped

with the same boron concentration at 2 × 1018 cm 3 is lower about

220 cm s 1 on polished h100i surface than on polished h111i surface,

which is estimated about 2400 cm s 1.17

The enhanced !eff and Voc obtained for the h100i surface can be

also explained by the boron doping profile associated with the thick-

ness of the SiOx layer formed over the h100i and h111i surfaces

(Figure 4A,B). The SiOx thickness is slightly thinner on the h100i sur-

face and thus having a stronger boron doping that generates a better

field effect. From SIMS analysis (Figure 5), the boron dopant profiles

are similar on polished h100i and h111i surfaces, with a boron peak

concentration about 1.4 × 1020 at/cm3 at the interface with SiOx 2c,

due to its higher solubility in SiOx than in Si.47 However, the junction

depth is slightly different between these two cases: the junction

depth is about 110 nm for the polished h100i and 100 nm for the

h111i surfaces. The diffusivity of the boron is similar for c-Si-oriented

h100i and h111i up to 1200 C, about 10 12 cm2/s, with an activation

energy about 3.42 eV.48 Therefore, for the exact same structures on

c-Si-oriented h100i and h111i, the boron profile should be similar.

However, here, a slightly thicker SiOx on h111i surface is underlined

(Figure 4), which can be the origin of a thinner junction depth at

100 nm. Indeed, for the optimized condition at SiOx 2c ALD, the HR-

TEM images could provide an accurate thickness measured at

1.1 ± 0.1 nm on polished h100i surface and at 1.3 ± 0.1 nm on

polished h111i surface (Figure 4), which is consistent with a higher

oxide growth rate reported on h111i oriented silicon.49

F I G U R E 6 Contact resistance of the front (p) poly-Si/SiOx stack

depending on the ALD cycles for the SiOx ultrathin film and the wafer

surface: polished oriented h100i and h111i and textured [Colour

figure can be viewed at wileyonlinelibrary.com]

F I G U RE 5 SIMS profiles of (A) boron and (B) hydrogen

concentrations as a function of the polished surface orientation h100i

and h111i for the best solar cell structures using SiOx ALD two cycles

[Colour figure can be viewed at wileyonlinelibrary.com]

1008 LOZAC'H AND NUNOMURA
 1

09
9

15
9x

, 2
02

0, 10
, D

o
w

nlo
aded fro

m
 h

ttps://on
linelib

rary.w
iley.co

m
/d

oi/1
0.10

02
/pip

.33
04

 b
y

 S
m

ith C
olleg

e L
ibraries S

erial, W
iley

 O
n

line L
ib

rary o
n [0

4/1
2/2

02
5]. S

ee the T
erm

s an
d C

o
nd

ition
s (http

s://o
nlin

elibrary
.w

iley
.com

/term
s-and

-co
nd

ition
s) on

 W
iley O

n
line L

ib
rary fo

r ru
les o

f use; O
A

 articles are g
ov

ern
ed by

 the ap
plicab

le C
reative C

om
m

o
ns L

icen
se

SEG Solar, EX1014, Page 8



For the hydrogen concentration profile, the SIMS analysis shows

that the H element profiles are similar on the h100i- and h111i-

oriented surfaces, within the detection limit for H element

( 1019 cm 3). The hydrogen accumulation at the interfaces (p) poly-

Si/SiOx and SiOx/c-Si is the about 1.4 × 1021 at/cm3 after hydrogen

plasma treatment (HPT) (Figure 5). Thus, the termination of the inter-

face defects with hydrogen is expected to be similar regardless of the

orientation.

On textured surface, the window of optimum thicknesses is

found to be extremely narrow with a good passivation obtained exclu-

sively for SiOx 2c above 800 #s (Figure 3C). With 1 atomic cycle more

or less, !eff is measured only about 200 #s. Such drastic change can be

also explained by the SiOx thickness. For a SiOx thickness of 1c ALD, a

larger quantity of boron diffuses into the c-Si wafer generating some

Auger recombination and decreasing !eff and Voc. For a thicker SiOx of

3c and 4c ALD, the boron diffusion is attenuated, which affects the p-

n junction formation and also the field effect passivation.

EDNA simulation is performed to further investigate and separate

the Auger recombination from the surface recombination in the

heavily doped emitters.50 SIMS profiles for the boron concentration

with SiOx 2c are used for polished h100i and h111i surfaces with the

saturation current density J0 from QSSPC measurement as input

parameters (Table S2 and Figure S2). For polished h100i surface, the

surface recombination is predominant about 58% over the Auger

recombination about 42%. Whereas for the polished h111i surface,

the surface recombination is largely predominant about 79% over the

Auger recombination about 21%.

4.2 | Poly-Si and SiOx layers

Because of the importance of the dopant diffusion, it is also necessary

to evaluate the nature of the polycrystalline on textured n-type Si

wafers, especially at the front (p) poly-Si/SiOx stack that was reported

to have a weaker passivation property than (n) poly-Si/SiOx

stack.9,17,18,22,51–57 The polycrystalline nature of the boron doped

(p) poly-Si layer is analyzed by nanobeam diffraction pattern on HR-

TEM (Figure 4). The well poly-crystallized (p) poly-Si nature, with clear

atomic plans and amorphous parts, is observed regardless of the sur-

face and orientation, even at the bottom of a valley and the top of a

tip on textured surface (Figure 4). Thus, a textured surface does not

modify locally the nature of the (p) poly-Si layer.

To further investigate the nature of the (p) poly-Si layers, UV

Raman ($ = 325 nm) spectroscopy is also performed on polished sur-

faces (Figure S3). The short wavelengths only penetrate about 10 nm

depth into the (p) poly-Si,58 which is useful to separate the signal from

the front (p) poly-Si and the c-Si substrate. We find that the residual

amorphous signal is slightly more pronounced on polished h100i sur-

face, which could contribute to a more efficient diffusion of the H

atoms in the (p) poly-Si to the interface SiOx/c-Si and thus could

enhance the !eff and Voc.

The stoichiometry x of SiOx is estimated at 1.65 ± 0.2 after high

T annealing for all samples on polished surfaces by FTIR method,22

regardless of the surface orientation and the SiOx thickness

(Figure S4). So the stoichiometry of the ultrathin SiOx film does not

explain the differences observed in terms of !eff and Voc between the

different surfaces and orientations.

4.3 | Short circuit current and external quantum

efficiency

The double-sided TOPCon solar cells present a very high Jsc over

39 mA/cm2 (Figure 2) for such structure with a front shadowing

grid.36 The textured surface provides a clear benefit in term of short-

circuit current Jsc compared with the polished surfaces (Figure 2A)

about 4.7 mA/cm2 for a SiOx thickness of 2c ALD. The EQE analysis

underlines an enhanced absorption from 600 to 1200 nm for textured

surface over polished surfaces (Figure 2C). Besides, the (p) poly-Si

deposited on textured surface is also thinner (Figure 4C,D), which can

contribute to an enhanced Jsc.

Regarding the SiOx thickness, the Jsc is decreasing with thicker

SiOx regardless of the surface condition and orientation (Figure 2A).

Moreover, from the EQE on textured surface (Figure 2C), the absorp-

tion at longer wavelengths from 750 to 1200 nm is strongly affected

by thicker SiOx. Possibly, the diffusion of phosphorus dopant at the

rear of the device is strongly reduced for SiOx 3c and 4c, which could

affect directly the properties of the n-n+ junction and thus the back

surface field. For the best devices with SiOx 2c, the EQE is excellent

at short and long wavelength compared with conventional hetero-

junction solar cells using a (p) a-Si:H layer.59

4.4 | Fill factor and conversion efficiency

A notable difference between the surface orientations is observed in

the contact resistance "c (Figure 6). The h100i surface clearly under-

lines its weakness, with "c at 3.4 ! cm2 for SiOx 2c, seven times larger

than on polished h111i surface at 0.45 ! cm2 and three times larger

than on textured surface at 1.1 ! cm2. This observation can be attrib-

uted to a higher surface atom density at 7.83 × 1014 at/cm2 for the c-

Si-oriented h111i surface, compared with 6.78 × 1014 at/cm2 for the

c-Si-oriented h100i surface (Figure 1).60 On textured surface, lower "c

can be attributed to the Al contact recovering the pyramidal surfaces

that presents a larger interacting area with the ITO/poly-Si-doped

layer compared with a flat surface. For thicker SiOx at 3c and 4c, "c is

enhanced, which increases the series resistance and degrades strongly

the FF (Figure 2A,B).

The optimized photoconversion efficiency is a compromise

between the open-circuit voltage and the contact resistance. The

double-sided TOPCon solar cells reach a PCE of 19.1% on textured

wafer with Voc = 624 mV and "c = 1.08 ! cm2 for an optimized SiOx

thickness with two-cycle ALD. A lifetime over 800 #s is reached

strictly for two ALD cycles (Figure 3), because of the thickness dis-

crepancy of the (p) poly-Si and the ultrathin SiOx observed on tex-

tured wafer (Figure 4). This underline the advantage of using the ALD
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facility to precisely control the thickness of the ultrathin SiOx layer on

textured surface.

5 | SUMMARY

Double-sided TOPCon solar cells are fabricated on polished surfaces

oriented h100i and h111i and pyramid-textured surfaces. The thick-

ness of the ultrathin SiOx is precisely controlled at atomic scale by

ALD, enhancing the photoconversion efficiency at 19.1% on textured

surfaces. The surface orientation plays an important role concerning

the contact resistances that affect the series resistance and, thus, the

fill factor. This observation can be attributed to the surface atom den-

sity between the orientations h100i and h111i. Interestingly, the SiOx

thickness is optimized at 1.1 ± 0.1 nm, regardless of the surface and

orientation. This work underlines the importance of a precise control

of such SiOx thickness, especially on textured surface where the poly-

Si/SiOx stack provides a sufficient passivation strictly for two-cycle

ALD. A slight discrepancy of the SiOx thickness, from 1.0 ± 0.1 to

1.2 ± 0.1 nm, is observed on textured surface between a valley and

the top of a tip. Besides, the SiOx is slightly thicker on polished h111i

surface compared with the polished h100i surface. This thickness vari-

ation may have an impact on the properties of the n-p junction, where

a thicker SiOx reduces the dopant diffusion.
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