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Passivated contacts (poly-Si/SiOx/c-Si) doped by shallow ion implantation are an appealing

technology for high efficiency silicon solar cells, especially for interdigitated back contact (IBC)

solar cells where a masked ion implantation facilitates their fabrication. This paper presents a study

on tunnel oxide passivated contacts formed by low-energy ion implantation into amorphous silicon

(a-Si) layers and examines the influence of the ion species (P, B, or BF2), the ion implantation dose

(5� 1014 cm�2 to 1� 1016 cm�2), and the subsequent high-temperature anneal (800 �C or 900 �C)

on the passivation quality and junction characteristics using double-sided contacted silicon solar

cells. Excellent passivation quality is achieved for n-type passivated contacts by P implantations

into either intrinsic (undoped) or in-situ B-doped a-Si layers with implied open-circuit voltages

(iVoc) of 725 and 720 mV, respectively. For p-type passivated contacts, BF2 implantations into

intrinsic a-Si yield well passivated contacts and allow for iVoc of 690 mV, whereas implanted B

gives poor passivation with iVoc of only 640 mV. While solar cells featuring in-situ B-doped selec-

tive hole contacts and selective electron contacts with P implanted into intrinsic a-Si layers

achieved Voc of 690 mV and fill factor (FF) of 79.1%, selective hole contacts realized by BF2 im-

plantation into intrinsic a-Si suffer from drastically reduced FF which is caused by a non-Ohmic

Schottky contact. Finally, implanting P into in-situ B-doped a-Si layers for the purpose of overcom-

pensation (counterdoping) allowed for solar cells with Voc of 680 mV and FF of 80.4%, providing a

simplified and promising fabrication process for IBC solar cells featuring passivated contacts.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936223]

I. INTRODUCTION

Passivated contacts for silicon solar cells using poly-

crystalline silicon (poly-Si)1 or the related semi-insulating

polycrystalline silicon (SIPOS)2 were proposed as carrier-

selective contacts with low minority carrier recombination

and efficient majority carrier transport in the early 1980s. At

that time, an excellent open-circuit voltage (Voc) of 720 mV

was achieved with SIPOS layers as an electron selective con-

tact3 whereas using polysilicon layers as electron and hole

selective contacts gave much lower values.3–5 Implementing

an ultra-thin silicon oxide (SiOx) as an additional passivation

layer between the poly-Si and the crystalline silicon (c-Si)

significantly improved the passivation and thus promised

higher Voc.
6 In the same year, the HIT (heterojunction with

intrinsic thin layer) technology emerged as a competing al-

ternative.7 It is based on the application of intrinsic and

doped amorphous silicon / crystalline silicon (a-Si)/(c-Si)

heterojunctions as passivated contacts and allows for out-

standing Voc, approaching 750 mV.8 Their implementation

into an interdigitated back contact (IBC) solar cell design

even led to a new world record efficiency of 25.6% for sili-

con solar cells.9

The tunnel oxide passivated contact (TOPCon) consist-

ing of an ultra-thin tunnel oxide and an amorphous (a-Si) or

poly-crystalline silicon (poly-Si) layer was recently intro-

duced as an electron selective contact.10 Owing to its excel-

lent passivation and junction properties, Voc-values close to

720 mV and contact resistivities below 10 mX cm2 were

realized. Other groups achieved similar values for their pas-

sivated contact based on the poly-Si/SiOx approach.11–14 For

silicon solar cells featuring both electron and hole selective

contacts based on the TOPCon technology Voc-values of

close to 700 mV and fill factor (FF) of above 81% were real-

ized.15 These a-Si layers were in-situ doped in a plasma-

enhanced chemical vapor deposition (PECVD) process. Ex-

situ doping of undoped (intrinsic) amorphous or even poly-

crystalline silicon layers deposited by low pressure chemical

vapor deposition (LPCVD) by ion implantation has been

extensively used for bipolar junction transistors (BJTs)1,16

which inspired the investigation of ion-implantation doping

of the TOPCon a-Si layers, with boron (B) and phosphorus

(P) dopants.17

Various solar cell concepts with passivated contacts can

be found in the literature, including: in-situ doping of poly-

Si by PH3 in a LPCVD process,4 in-situ doping of SIPOS by

PH3,3 n- or p-type poly-Si5 grown in an atmospheric pressure

chemical vapor deposition (APCVD) furnace, in-situ p-type

a-Si and a subsequent rapid thermal anneal (RTA) process,18
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in-situ doped a-Si with PH3 or B2H6 in a PECVD process

and a subsequent high-temperature anneal,15 ex-situ doping

of poly-Si by POCl3- or BBr3-diffusions,11 in-situ doping of

a-Si deposited by PECVD and a subsequent high-

temperature anneal,19 and ex-situ doping of a-Si deposited

by PECVD by POCl3-diffusion.20 However, only a few

attempts to fabricate silicon solar cells using ion implanta-

tion for passivated contacts have been reported.12,14,21,22

Using poly-Si layers in combination with masked ion

implantation could simplify the fabrication of IBC solar

cells, but in-situ doped poly-Si contacts would require a

greater number of process steps due to their patterning.23 Ion

implantation has already been used to form passivated con-

tacts in IBC silicon solar cells or precursors14,22,24 and has

even been applied to locally overcompensate (counterdope)

an in-situ B-doped a-Si layer with phosphorus22 or an ex-situ

B-doped poly-Si layer24 which opens a promising route to a

simpler fabrication process for IBC solar cells featuring pas-

sivated contacts.

In this paper, the doping of PECVD a-Si layers via ion

implantation and their application to TOPCon is investigated

towards the goal of IBC silicon solar cells with passivated

contacts patterned by a masked ion-implantation process.

Therefore, symmetric lifetime samples and both-side con-

tacted solar cells were fabricated to determine the passiva-

tion quality and the junction characteristics of these

passivated contacts.

II. EXPERIMENTAL

A. Lifetime samples

Symmetric lifetime samples were fabricated on shiny-

etched h100i-oriented phosphorus-doped n-type float-zone

silicon wafers with a specific resistivity of 1 X cm and a

thickness of 200 lm. After a Radio Corporation of America

(RCA) cleaning was applied, an ultra-thin silicon oxide

(SiOx) layer, approximately 1.5 nm, was wet-chemically

grown in a 68% nitric acid (HNO3) at 110 �C for 10 min on

both sides.10,25 Subsequently, a 15 nm to 20 nm thick intrin-

sic or doped amorphous silicon (a-Si) layer was deposited on

both sides of the wafer by PECVD in an AK400 reactor from

Roth & Rau using diborane (B2H6) or phosphine (PH3) for

the doping of the layers. Boron (B), boron fluoride (BF2), or

phosphorus (P) dopants were introduced into the intrinsic a-

Si layers by ion implantation at ion doses between

5� 1014 cm�2 and 1� 1016 cm�2 and at ion energies of

1 keV (B) or 2 keV (BF2 and P) on both sides of the lifetime

samples. B was implanted at a lower energy to obtain a simi-

lar depth as for the case where BF2 was implanted. The ion

implantations were performed in a Varian VIISta HC tool

from Varian Semiconductor Equipment. Additionally, P dop-

ants were introduced into an in-situ B-doped a-Si layer by

ion implantation for the purpose of overcompensation (coun-

terdoping).22 For these samples the ultra-thin silicon oxide

(SiOx) layer was dry-chemically grown using an ultraviolet

(UV/O3) excimer source, since it has a similar thickness as

the HNO3 oxide and since it provides good interface passiva-

tion that is more stable for annealing temperatures of

900 �C.26 Following the ion implantation, the a-Si layers

were subjected to a high-temperature furnace anneal at

800 �C for 60 minutes or 900 �C for 10 minutes under nitro-

gen atmosphere to activate the dopants. The a-Si layers of

the TOPCon structure remain entirely amorphous when

annealed at 800 �C but they become entirely poly-crystalline

when annealed at 900 �C.27 Finally, a hydrogen passivation

of the samples was applied at 400 �C for 30 minutes in a

remote plasma hydrogen passivation (RPHP) system.28

The effects of the ion species, the ion implantation dose,

and the annealing temperature and time on the passivation

quality were investigated by quasi-steady state photoconduc-

tance (QSSPC) measurements to determine the implied

open-circuit voltage (iVoc) of the symmetric lifetime sam-

ples.29 These measurements were performed on a WCT-120

lifetime tester from Sinton Instruments. The doping profiles

in the amorphous (a-Si) or poly-crystalline silicon (poly-Si)

layer and the crystalline silicon (c-Si), formed during the

high-temperature furnace anneal, were determined by sec-

ondary ion mass spectrometry (SIMS) measurements on a

CAMECA IMS 7f setup, using a low-energy 1.5 keV oxygen

ion beam, starting the depth profile on the poly-Si layer.

B. Solar cells

For the 2 cm� 2 cm solar cells the same wafers as for the

symmetrical lifetime samples were used. After a RCA clean-

ing, a thick 105 nm silicon oxide was grown thermally to passi-

vate the inactive solar cell area. The thermal silicon oxide was

etched away by hydrofluoric acid (HF) in the active solar cell

area using photolithography. In contrast to the lifetime sam-

ples, the ultra-thin silicon oxide (SiOx) layer was dry-

chemically grown using an ultraviolet (UV/O3) excimer source

because it provides a more stable interface passivation for

annealing temperatures of 900 �C.26 The influence on the diffu-

sion of P, B, or BF2 through the SiOx is expected to differ only

slightly between the UV/O3 and HNO3 grown oxide layers.

Next, in-situ B- or P-doped or intrinsic a-Si layers with the

same doping as for the lifetime samples were deposited on dif-

ferent sides of the wafers in the same way as described above.

P dopants were then implanted into the intrinsic a-Si layers or

into in-situ B-doped a-Si layers to create electron selective

contacts. Likewise, B dopants were implanted into intrinsic a-

Si layers to realize hole selective contacts, see Figure 1 and

Table I. Photoresist masks were used during implantation to

protect the inactive solar cell area. P and BF2 implantations

with the same energy as used above but with higher implanta-

tion doses were then applied. This was done because the trend

for the lifetime samples indicated that higher implantation

doses may lead to higher lifetimes and a better contact to the

transparent conductive oxide (TCO) as used below.

Following the ion implantation, the a-Si layers were

annealed in a high-temperature furnace at the same tempera-

tures as used above and also a hydrogen passivation step as

described above was applied. Finally, a 70 nm indium tin ox-

ide (ITO) layer was deposited at a temperature of 100 �C on

the front and rear sides of the wafers by a direct-current,

magnetron sputtering system (Plasmalab100 from Oxford

Instruments) to mimic the fabrication process used for IBC

silicon solar cells with tunnel oxide passivated contacts.22
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The ITO was etched away by hydrochloric acid (HCl) in the

inactive solar cell area while protected by a photoresist mask

in the active solar cell area. Prior to thermal evaporation

(PLS 570 system from Balzers-Pfeiffer) of a titanium (Ti),

Palladium (Pd), and Silver (Ag) metal stack, a hotplate

anneal was performed to partially remove the damage, par-

ticularly of the tunnel oxide, introduced during the ITO sput-

tering process.15,30 While the Ti/Pd/Ag metal stack was

evaporated on the whole rear side, photolithography was

used on the front side to form a Ti/Pd/Ag metal grid with

thicknesses of 50 nm, 50 nm, and 3000 nm for the respective

metals, and a width of 60 lm.

The effects of the ion implantation dose and the annealing

temperature on the passivation quality and junction characteris-

tics of the silicon solar cells were investigated by illumination-

dependent Voc (Suns-Voc) measurements31 to determine the

open-circuit voltage at 1 sun (Voc,1sun), the pseudo FF (pFF),

and the local ideality factor at 1 sun (nloc,1sun) and at maximum

power point (nloc,mpp). Additionally, the iVoc of the solar cells

was determined by QSSPC measurements before metallization

and compared to the Voc,1sun-values. Furthermore, current-

voltage (IV) measurements on a solar simulator under standard

testing conditions (STCs) were used to determine the IV param-

eters of the solar cells. The IV measurements were performed

on an Oriel solar simulator from Newport Corporation.

III. RESULTS

A. Passivation quality of P-, B-, and BF2-implanted life-
time samples

The P-implanted TOPCon structures where implantation

is performed into intrinsic a-Si layers or into in-situ B-doped

a-Si layers show very different passivation quality when the

implantation dose and the annealing temperature are

changed, see Figure 2 (top). P-implantation into intrinsic a-

Si layers enables an excellent passivation quality with iVoc

of 725 mV (upper J0 limit of 12 fA/cm2 for one side) for low

and moderate P-implantation doses and an annealing temper-

ature of 800 �C.17 In this case, the iVoc-values are as good as

the in-situ P-doped counterparts. However, reduced iVoc-val-

ues are obtained when high P-implantation doses and anneal-

ing temperatures of 900 �C are applied. In contrast, P

implanted into in-situ B-doped a-Si layers only enables good

passivation with iVoc of 720 mV when moderate or high P-

implantation doses and an annealing temperature of 800 �C
are chosen.22 For low P-implantation doses and high anneal-

ing temperatures a poor passivation quality is obtained. This

can be attributed to both an increased effective recombina-

tion velocity at the interface c-Si/SiOx and a higher Auger

recombination within the diffused c-Si region near the

interface.17

The comparison of iVoc-values of B- and BF2-implanted

TOPCon structures reveals that B implanted into intrinsic a-

Si gives only a poor passivation quality with iVoc of 640 mV

(an upper J0e limit of 280 fA/cm2 for one side), see Figure 2

(bottom). The B implantations did not work as well as the

ones used by other groups where iVoc of 725 mV was

achieved.24 This discrepancy can be attributed to the thin a-

Si or poly-Si and the ultra-thin SiOx layers, and to the im-

plantation and annealing parameters that were investigated

in this study.

FIG. 1. Schematic illustration of the geometries of solar cells studied (top to

bottom): in-situ B and P-doped, in-situ B-doped and ex-situ P-implanted,

in-situ P-doped and ex-situ BF2-implanted, and in-situ B-doped and ex-situ

P-implanted (overcompensated) TOPCon structures.

TABLE I. Overview of the different solar cell groups with in-situ doped and

ex-situ implanted hole and electron selective contacts, specifying their im-

plantation dose and annealing temperatures. The group numbers in parenthe-

ses refer to solar cells that were annealed at 900 �C.

Group Emitter BSF

BF2 dose

(cm�2)

P dose

(cm�2)

Annealing

temperature

Deposition of a-Si(p) and a-Si(n)

1 (2) in-situ in-situ - - 800 �C (900 �C)

P ion implantation into a-Si(i)

3 (6) in-situ implant - 1e15 800 �C (900 �C)

4 (7) in-situ implant - 5e15 800 �C (900 �C)

5 (8) in-situ implant - 7.5e15 800 �C (900 �C)

BF2 ion implantation into a-Si(i)

9 (12) implant in-situ 5e15 - 800 �C (900 �C)

10 (13) implant in-situ 7.5e15 - 800 �C (900 �C)

11 (14) implant in-situ 1e16 - 800 �C (900 �C)

P ion implantation into a-Si(p), Overcompensation

15 (18) in-situ implant - 5e15 800 �C (900 �C)

16 (19) in-situ implant - 7.5e15 800 �C (900 �C)

17 (20) in-situ implant - 1e16 800 �C (900 �C)

205701-3 Reichel et al. J. Appl. Phys. 118, 205701 (2015)



It is furthermore observed that there is only a weak de-

pendence of the iVoc-values on the B-implantation dose and

almost no dependence on the annealing temperature. In con-

trast, good passivation quality is achieved for BF2-implanted

TOPCon structures with iVoc of 690 mV (an upper J0e limit

of 40 fA/cm2 for one side) for a high BF2-implantation dose

and for annealing temperatures of 800 �C or 900 �C.17 In this

case, the iVoc-values are even better than the in-situ B-doped

counterparts. The BF2-implantation dose has a more pro-

nounced impact on the iVoc-values than the B-implantation

dose and the annealing temperature has a drastic effect on

the iVoc-values, which is also observed for the in-situ B-

doped counterparts.

The better passivation for the BF2-implanted TOPCon

structures was even observed directly after the high-

temperature anneal before applying the hydrogen passivation

step. Omitting the hydrogen passivation, iVoc with 670 mV was

obtained for BF2-implantations compared to B-implantations

with only 620 mV when a high implantation dose and anneal at

800 �C was applied (not shown in Figure 2). However, iVoc of

640 mV was achieved for the BF2-implanted TOPCon struc-

tures when the 900 �C anneal and no hydrogen passivation step

was applied. In this case the passivation quality was almost as

poor as for the B-implanted TOPCon structures with iVoc of

620 mV, also with no additional hydrogen passivation (not

shown in Figure 2).

The passivation quality was further examined by SIMS

measurements. For the BF2-implanted TOPCon structures, B

and F were detected after high temperature annealing, see

Figure 3. It was observed that F penetrated deeper than B

during implantation before applying an anneal, while having

the same doping concentration of more than 1� 1022 cm�3 at

the surface of the B-doped silicon layer. Upon annealing F

diffused from the a-Si layer and from the c-Si to the SiOx,

and accumulated at the poly-Si/SiOx and SiOx/c-Si interfa-

ces, see Figure 3.

Please note that the peak of the F signal at the poly-Si/

SiOx and SiOx/c-Si interface can be superimposed by

FIG. 3. B and F dopant concentration vs. depth for in-situ B- (top) and

implanted B- (middle) or BF2- (bottom) TOPCon structures featuring the

HNO3 tunnel oxide before (left) and after (right) annealing at temperatures

of 800 �C for 60 minutes (closed symbols) or 900 �C for 10 minutes (open

symbols). The ion implantation dose is 5� 1015 cm�2 for all samples.

FIG. 2. iVoc of in-situ P- (squares, top) and B-doped (squares, bottom)

TOPCon structures (squares) and of implanted P- (circles, implanted into

intrinsic a-Si, and triangles, implanted into in-situ B-doped a-Si, top), B-

(circles, bottom) or BF2-implanted (triangles, bottom) TOPCon structures,

after hydrogen passivation showing dependence on the ion implantation

dose and annealing temperature of 800 �C (closed symbols) or 900 �C (open

symbols). The iVoc-values are the average of six nominally identical sam-

ples and the error bars represent the standard deviation.
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background signals of oxygen isotopes (O) and hydrogen (H)

which can be misinterpreted as F. The background level of O

and H were not measured separately, but this is a known

potential source of spurious signal from mass interference.

Indeed, this effect was observed for the in-situ B-doped and

B-implanted samples where F should be absent. However,

the detected level is at least one order of magnitude lower

than in the BF2-implanted samples. Integrating the F profile

of the B-implanted samples between 15 and 35 nm depth

leads to a dose of 9.7� 1012 cm�2 and 3.5� 1010 cm�2 for

800 �C and 900 �C annealed samples, respectively. However,

a much higher F dose was obtained for the BF2-implanta-

tions, giving integrated values of 1.2� 1014 cm�2 and

8.6� 1013 cm�2 for 800 �C and 900 �C annealed samples,

respectively.

Furthermore, it was observed that F diffused to the sur-

face of the poly-Si layers and that the total amount of F

atoms was significantly reduced, below 2% of the actual

implanted F, due to the high-temperature anneal, see Figure

3(c). The effusion of F is believed to be responsible for this

dramatic reduction. Integrating the F profile of the BF2-

implanted samples to a depth of 15 nm leads to a dose of

7.4� 1013 cm�2 and 2.9� 1013 cm�2 after an anneal at

800 �C and 900 �C, respectively. In this case, the F dose at

the surface is two orders of magnitude higher than for the B-

implanted samples. It can also be seen that the B diffusion is

slightly impeded for the TOPCon structures with BF2-im-

plantation, whereas no such retardation was observed for B-

implantations after annealing, see Figures 3(b) and 3(c).

Please also note that the initial as-implanted B profile was

slightly deeper for the B-implantation compared to the BF2-

implantation, which might also affect the B diffusion during

annealing, see Figure 3(b). However, the B profiles of the as-

deposited or as-implanted B or BF2 samples might be

affected by collisional mixing during the SIMS measurement

where the ion beam can knock the elements deeper into the

sample before measuring them. This can be the reason why

high B concentrations in the c-Si substrate were detected that

is physically not meaningful (B profile in c-Si for the in-situ
B-doped sample).

B. Junction characteristics of P- and BF2-implanted
solar cells

The junction characteristics of the silicon solar cells

with ex-situ P- and BF2-implanted TOPCon structures are

strongly influenced by the ion species and the applied ion im-

plantation dose, see Figure 4. For solar cells with P implanta-

tions into intrinsic a-Si layers or into in-situ B-doped a-Si

layers, pFF-values of up to 84% and nloc,mpp-values of down

to 1.1 were obtained for low and moderate implantation

doses and both annealing temperatures. nloc,mpp-values

higher than unity indicate injection-dependent recombination

or junction leakage currents due to either a high saturation

current density (J02) or low shunt resistance (Rshunt).
32,33

However, these values were comparable to their in-situ P-

doped counterparts. In contrast, for solar cells with BF2

implantations into intrinsic a-Si layers the pFF-values were

unrealistically high and reached 86% or even higher with

nloc,mpp-values that were well below 0.7 for low and high

annealing temperatures. nloc,mpp-values well below 0.7 indi-

cate a non-Ohmic contact which can be typically induced by

an additional Schottky-junction. The Schottky-like behavior

of the BF2-implanted TOPCon structures was observed at

illuminations of 1 sun where nloc,1sun-values were in the

range of 0.5 to 1 and 0.4 to 0.9 for an anneal of 800 �C or

900 �C, respectively. Additionally, it was observed that the

ratio between iVoc of the lifetime samples and Voc,1sun of the

solar cells featuring BF2-implanted TOPCon structures was

much lower than unity, especially for higher implantation

doses. Values lower than unity indicate an insufficient dop-

ing of the silicon layer so that the internal quasi-Fermi level

spitting expressed by iVoc is not maintained at the external

contacts.34 The UV/O3 oxide is not believed to be the cause

for the lower Voc of the solar cells due to the reasons men-

tioned above.

The non-Ohmic contact for solar cells with BF2 implan-

tations into intrinsic a-Si layers is also reflected in very low

FF-values, whose maximum is only 40% and 57%, for

annealing temperatures of 800 �C and 900 �C, respectively,

see Figure 5. Also, the non-Ohmic contact significantly

decreased the short-circuit current density (Jsc). In contrast,

Voc of these solar cells reached almost 680 mV for low and

moderate BF2-implantation doses and annealing tempera-

tures of 800 �C, whereas much lower Voc-values were

obtained for high BF2-implantation doses. For the solar cells

that received an anneal at 900 �C a similar dependence of the

BF2-implantation dose on Voc was observed, but with much

lower Voc-values of lower than 640 mV.

For solar cells with P implantations into intrinsic a-Si

layers, Voc-values up to 680 mV and 690 mV were reached

for anneals at 800 �C and 900 �C, respectively. These values

are comparable to their in-situ P-doped counterparts, which

enable Voc-values of up to 690 mV for both annealing tem-

peratures. This clearly shows that the solar cells are limited

by the in-situ B-doped or ex-situ BF2-implanted TOPCon

structures, see Figures 3 and 5. When P implantations into

in-situ B-doped a-Si layers were applied, Voc-values of up to

680 mV were reached except for moderate and high P-

FIG. 4. Illumination intensity vs. Voc of the different solar cells with in-situ
B and P-doped TOPCon structures, in-situ B-doped and ex-situ P-implanted

TOPCon, in-situ P-doped and ex-situ BF2-implanted, and in-situ B-doped

and ex-situ P-implanted (overcompensated) for annealing temperatures of

800 �C (similar curves were also observed for annealing temperatures of

900 �C). The ion implantation dose is 7.5� 1015 cm�2 for all samples. The

line represents the curve with an ideality factor of unity.
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implantation doses and annealing temperatures of 900 �C. P

implantations at moderate and high ion doses allow for FF-

values up to 79% when implanted into intrinsic a-Si layers,

and of up to 80% when implanted into in-situ B-doped a-Si

layers after an anneal at 800 �C. FF-values of more than 80%

were obtained when an annealing temperature of 900 �C was

applied and when moderate and high P-implantation doses

for intrinsic a-Si layers and for in-situ B-doped a-Si layers

were used.

The annealing temperature also has a strong impact on

the crystallization of the a-Si layers and thus on the absorp-

tion losses due to a much higher absorption coefficient of a-

Si compared to poly-Si. For a-Si layers crystallized at

900 �C, Jsc-values of 32 mA/cm2 were obtained, whereas Jsc-

values of only 31 mA/cm2 were achieved when the a-Si

layers were not fully crystallized at 800 �C.26 Consequently,

for solar cells with P implantations into intrinsic a-Si layers

efficiencies of up to 16.1% and 17.1% were achieved for

anneals at 800 �C and 900 �C, respectively. P implantations

into in-situ B-doped a-Si layers for the purpose of

overcompensation (counterdoping) allowed efficiencies of

up to 16.8% and 17.6% for anneals at 800 �C and 900 �C,

respectively.

IV. DISCUSSION

A. Passivation quality of implanted samples

In comparison to P-implanted TOPCon structures where

low implantation doses were applied, P implantations with

high doses and high annealing temperatures reduce the passi-

vation quality. This observation might be due to the detri-

mental impact of these parameters on the SiOx quality.

Indeed, similar effects were also observed in gate oxides of

capacitors with As-implanted poly-Si layers35 and for inter-

facial oxides of poly-Si gates in BJT.36 The former publica-

tion showed that the defect density in the gate oxide

increased with higher As-implantation dose and higher

annealing temperatures, while the latter one observed a

breakup of the interfacial oxide when annealing at high tem-

peratures are applied. These effects might also degrade the

FIG. 5. Voc, FF, Jsc and efficiency of

silicon solar cells with in-situ P- and

B-doped TOPCon structures (black),

in-situ B-doped and ex-situ P-

implanted TOPCon (red), in-situ P-

doped and ex-situ BF2-implanted

(green) and in-situ B-doped and ex-situ

P-implanted (overcompensated and

counterdoped) TOPCon structures (or-

ange) after annealing at a temperature

of 800 �C (left) or 900 �C (right) and

subsequent hydrogen passivation. The

group numbers from Table I are shown

below and the implantation dose is

shown above the graphs.
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SiOx of the TOPCon structure, even though the a-Si layers and

oxide were grown by PECVD and HNO3, and P was implanted

at much lower energies of 2 keV and annealings at tempera-

tures of only 800 �C or 900 �C were used, see Figure 2.

The behaviors of B- and BF2-implanted TOPCon struc-

tures are very different. Here, the passivation quality increases

with higher dose for BF2-implantation, as compared to B-

implantation. This might be attributed to the presence of fluo-

rine (F) at the poly-Si/SiOx and SiOx/c-Si interface. It was

reported that F reduces the trap density at the oxide interface,

as observed in insulated gate field effect transistors (IGFETs)

when F was additionally implanted into poly-Si gates.37,38

During BF2-implantation, B and F are implanted into a-Si or

poly-Si, and it was shown that F penetrates deeper than B in

the as-implanted state.39 These effects were also observed for

the BF2-implanted TOPCon structures, Figure 3. Hence, it is

reasonable to conclude that the presence of F benefits the pas-

sivation quality of TOPCon structures, when BF2 is used

instead of B as an implantation species.

The presence of F also influences the diffusion behavior

of B atoms into the c-Si substrate. It has been suggested that

F is responsible for a reduced B diffusion in intentionally

pre-amorphized c-Si substrates implanted with BF2 followed

by high temperature anneals.40 The B-retardation mechanism

appears to be related to the decoration of Si vacancies with F

that subsequently trap self-interstitials leading to a slower B

diffusion.41 This effect was also observed in BF2-implanted

TOPCon structures even though the ultra-thin SiOx layer of

the TOPCon structure was present between the a-Si layer

and the c-Si substrate, see Figure 3.

In some publications it was reported that F effuses during a

high-temperature anneal which was shown by a depletion of F

in c-Si substrates at moderate annealing temperatures and also

for a-Si and poly-Si layers at high annealing temperatures.37,42,43

The effusion of F is also observed for the BF2-implanted

TOPCon structures after high temperature annealing, see Figure

3, and might partially explain the poor passivation quality that

was observed for the 900 �C anneal as compared to the 800 �C
annealed sample, directly after annealing before applying the

hydrogen passivation. However, no significant influence of the

annealing temperature on the peak of the F signal at the poly-Si/

SiOx and SiOx/c-Si interface of the BF2-implanted TOPCon

structures was observed, see Figure 3. Instead, the poor passiva-

tion is probably caused by the degradation of the SiOx of the

TOPCon structure with the 900 �C anneal, as was also reported

for gate oxides of capacitors with BF2-implanted poly-Si layers

where the defect density in the gate oxide increased with higher

BF2-implantation doses and higher annealing temperatures.35

Moreover, in other publications it was even shown that F can

accelerate the breakup of gate oxides during high-temperature

diffusion or annealing steps.44,45 These effects might also de-

grade the SiOx of the TOPCon structure where PECVD a-Si

layers and a HNO3 grown oxide were used, and BF2 was

implanted at energies of 2 keV.

B. Schottky-like behavior of BF2-implanted solar cells

The non-Ohmic contact with a Schottky-like behavior

observed for BF2-implanted solar cells might also be a result

of the presence of F in the a-Si layers of the TOPCon struc-

tures. It was reported that F accumulates at the surface of c-

Si substrates after implantation and annealing, creating a

region with defects that remain at the surface and that are not

completely annealed out.46 Since BF2-implantations into c-

Si amorphized the c-Si at the surface, F is believed to be get-

tered to these defective regions during the annealing. This

defective surface region was thought to be responsible for a

higher contact resistivity to AlSi when BF2, instead of B,

was implanted into c-Si substrates and low annealing tem-

peratures were applied.47 Furthermore, it was also reported

that the full electrical activation of B, when BF2 is implanted

into c-Si substrates, is decreased with higher implantation

doses and lower annealing temperatures due to F and B-F

bond formation in defective regions of the c-Si substrate.48

The accumulation of F at the surface of the poly-Si layer was

also detected for the BF2-implanted TOPCon structures, for

both 800 and 900 �C annealing temperatures, see Figure 3.

Hence, this surface region might be responsible for the for-

mation of the Schottky-diode, revealed by very low nloc,mpp-

values. The number of defects at the surface might be even

higher than in literature, since comparatively low annealing

temperatures are used for the TOPCon structures. The fact

that the a-Si layers of the TOPCon structure are still amor-

phous or poly-crystalline with amorphous phases after

annealing would be consistent with having a reduced number

of activated B dopants that was also revealed by the ratio

between iVoc and Voc,1sun of the solar cells featuring BF2-

implanted TOPCon structures. This hypothesis might also be

supported by the observation of a reduced contact resistivity

for a BF2 and B mixed implantation compared to a single

BF2 implantation into c-Si substrates, made in another

study.49 It was reported that upon annealing, higher concen-

trations of both B and F were seen at the surface with the

BF2 and B mixed implantation. This was assumed to strongly

impact the effusion of F, meaning an enhanced removal of F

from the surface occurred. Thus, a higher active B concentra-

tion at the surface was likely realized by the BF2 and B

mixed implantations compared to the single BF2-implanta-

tion. This effect was reasoned to be responsible for the

reduced contact resistance to Ti. The fact that high FF is

achieved for solar cells with in-situ B-doped TOPCon struc-

tures supports the hypothesis that the presence of F at the

surface of the BF2-implanted TOPCon structures is the dis-

tinguishing factor that leads to a non-Ohmic contact with

Schottky-like behavior.

Furthermore, it was reported that high F concentrations

in the gate oxide can increase the oxide thickness by a few

nanometers, when F was additionally implanted into poly-Si

gates and annealed at high temperatures.37 The oxide

increase was explained by the bonding of F to dangling

bonds at the oxide interface and weak bonds in the bulk of

the oxide. This displaces oxygen which diffuses to the inter-

faces and grows an additional oxide. F was detected in the

oxide of the BF2-implanted TOPCon structures, see Figure 3,

with F doses that are even two orders of magnitude higher

than mentioned in that publication. Hence, it could be that

the effective SiOx thickness of the BF2-implanted TOPCon

structures increased due to the presence of F, although a
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differently grown oxide was used and lower annealing tem-

peratures were applied. The increase of the effective oxide

thickness would lead to a reduced tunneling probability and

impede the transport of majority carriers. This could result in

a Schottky-like behavior and might cause the low FF- and

Jsc-values observed for the solar cells.

V. SUMMARY AND CONCLUSIONS

It was observed that good passivation quality can be

achieved by P implantations into intrinsic (undoped) and in-
situ B-doped a-Si layers whereas only BF2 implantations

yielded well passivated contacts compared to B implantations

that resulted in poor passivation quality. The improved passiva-

tion quality when using BF2-implantations instead of B-

implantations can be ascribed to the presence of F, which leads

to a better passivation of the poly-Si/SiOx and SiOx/c-Si inter-

face. However, silicon solar cells with BF2 implantations into

intrinsic a-Si layers suffer from drastically reduced FF, which

is caused by a non-Ohmic contact with Schottky-like behavior.

The presence of F is believed to be responsible for the poor

contact due to: (i) the creation of defects at the surface of the

poly-Si layer that de-activate B dopant atoms and (ii) an

increase in the effective thickness of the SiOx between the

poly-Si and the c-Si substrates. For silicon solar cells with P

implantations into intrinsic a-Si layers, Voc and FF of 690 mV

and 79.1% were attained. Furthermore, P implantations into in-
situ B-doped a-Si layers for the purpose of overcompensation

(counterdoping) allowed for Voc and FF of 680 mV and 80.4%,

respectively, providing a promising route for a simplified fabri-

cation of IBC solar cells featuring passivated contacts.
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