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ABSTRACT: Opposed to phosphorus n+-emitters on p-type silicon solar cells, p+-emitters on n-type silicon solar 
cells show altered properties with respect to e.g. dopant diffusion, electrical contacting, and metal induced recombi-
nation. This work tries to paint a consistent picture whose results base on deep-penetrating metal spikes (often also 
referred to as crystallites) formed below Ag-Al screen printing pastes during the contact firing process. By optimizing 
BBr3 diffusion processes, emitter dark saturation current densities of as low as 30 fA/cm² on alkaline textured and 
passivated surface are obtained. For considering the interplay between boron doping profile and spike depth 
regarding the specific contact resistance ρC, BBr3 diffusion processes are adapted yielding profiles with similar surface 
concentration but different junction depth. Apart from the maximum boron concentration, the junction depth of the 
doping profiles impacts ρC obtained for two examined Ag-Al pastes: deeper junctions lead to lower ρC. This finding is 
confirmed by an analytical model taking metal spikes with penetration depths of several 100 nm into account. The 
known issue of increased recombination below the Ag-Al metallization is addressed by a new simulation approach, 
which models the actual geometric shape of metal spikes in a three-dimensional (3D) simulation utilizing the quasi-
steady-state photoconductance (QSSPC) technique. With these 3D QSSPC simulations, we discuss the impact of 
metal spiking in boron emitters in relation to depth and surface coverage of the spikes, and discuss the scenario which 
leads to dark saturation current densities of metallized boron emitters in the range of several 1000 fA/cm². 
Keywords: boron-doped emitter; profile depth; dark saturation current density; contact resistance; metallization; 
spiking; crystallites; simulation; QSSPC; Sentaurus Device 
 

 
1 INTRODUCTION 
 

The performance of boron doped p+-emitters is a 
major concern in the development of n-type silicon solar 
cells. Covering three aspects of boron emitters—process 
and electrical characterization, contact resistance, mod-
elling of spiking—are targeted at conveying a deeper un-
derstanding of the functionality of boron emitters. It is 
meant to provide design rules for tailoring a boron 
emitter suitable for the solar cell concept of choice and 
guidance for its screen-printed and fired metallization. 

The results of this work base on three recent publica-
tions addressing comprehensive development and charac-
terization of boron emitter profiles for n-type silicon solar 
cells [1], specific contact resistance ρC [2], and simulation 
of spiking effects on the dark saturation current density 
beneath metal contacts j0,met [3]. The results of these three 
thorough investigations complement each other regarding 
their contributions to understanding the contact formation 
on boron-doped emitters and offer the extraction of de-
sign rules for metal pastes, doping profiles, and firing 
process optimizations. The work at hand intents to unite 
these aspects in a condensed form and gives a compact 
but comprehensive overview over the results and their 
implications for n-type silicon solar cell technology. 

We start by introducing an analytical model for cal-
culation of ρC and the quasi-steady-state-photoconduc-
tance (QSSPC) simulation model for three-dimensional 
(3D) j0,met simulations with metal spikes. In Section 3, we 
present an optimization of boron diffusion processes uti-
lizing boron tribromide (BBr3). This results in a set of 
well characterized boron emitter doping profiles forming 
the starting point for the further performed examinations. 
Section 4 deals with the results concerning the correlation 
between ρC and junction depth djunc, both experimentally 
as well as with analytical calculations. The 3D QSSPC 
simulations of j0,met considering metal spikes are per-
formed in Section 5. In Section 6 we review the results 
and extract conclusions for successful contact interface 
management. 

2 THEORY 
 
2.1 Analytical model for calculation of specific contact 
resistances 

To analytically calculate ρC, the procedure introduced 
in Refs. [4,5] for silver contacts on phosphorus-doped 
surfaces forms the starting point. The analytical model 
applied in these works considers the three current 
transport mechanisms between metal and highly-doped 
silicon, namely thermionic emission (TE) [6], thermionic 
field emission (TFE) [7], and field emission (FE) [7]. 

Of course, for using the analytical model for boron-
doped surfaces, the dopant-type-dependent variables con-
cerning the applied current transport mechanisms are 
adapted to the p-type boron doping, as e.g. Schottky bar-
rier height qΦb, effective tunneling mass mt*, and effec-
tive Richardson constant A*. As the boron dopant concen-
tration for the doping profiles under investigation is al-
ways lower than 1020 cm-3, FE processes do not have to 
be taken into account [2]. Hence, the applied analytical 
model considers parallel connection of TE and TFE pro-
cesses. 

Furthermore, it is assumed that current transport oc-
curs exclusively via metal spikes in direct contact with both 
the bulk of the Ag-Al contact and the boron-doped emitter. 
Therein, the depth-dependent progression of the boron 
doping profile is taken into account. For the calculations, 
the following assumptions/simplifications are made: 

 The considered wafer surface is smooth and paral-
lel to the (100) crystal plane of silicon, and 

 the spikes are represented by fully-formed invert-
ed pyramids with quadratic base grown into the 
boron-doped silicon surface with an angle of 54.7° 
[6] to the (100) plane. 

The approach pursued allows for calculating ρC de-
pending on e.g. doping profile N(d), spike penetration 
depth dspike, and spike coverage fraction Aspike. An in-
depth description of the analytical model with all applied 
formulae and input parameters can be found in Ref. [2]. 
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2.2 Determination of emitter dark saturation current den-
sities of highly-doped and passivated surfaces 

The emitter dark saturation current densities j0e of al-
kaline textured samples with highly-doped and passivated 
surfaces are extracted from QSSPC [8] measurements uti-
lizing the slope-method introduced by Kane and Swanson 
[9]. For data analysis, the latest evaluation procedure from 
Kimmerle et al. [10] is applied, for which j0e is given by 
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with elementary charge q, sample thickness W, effective 
intrinsic carrier density ni,eff, excess carrier density in the 
base region n, ambipolar carrier diffusion constant Damb, 
and surface carrier lifetime ߬s. 

 
2.3 3D QSSPC simulation of dark saturation current den-
sity beneath metal contacts 

We emulate the experimental technique of the injec-
tion-dependent charge carrier lifetime measurement with 
Sentaurus Device [11], which can be done, e.g., using the 
QSSPC measurement technique developed by Sinton et 
al. [12]. Therein, the j0e is extracted according to Eq. (1). 
A 2D-cross-section of the 3D model’s symmetry element 
through the spike tip plane is depicted in Fig. 1. 

The symmetry element is symmetrical in built regard-
ing front and rear side geometry and doping profiles. For 
this characterization method, the base region is also boron 
doped. A flash with exponential decay is applied illumi-
nating this virtual sample. Here the simulation has a ma-
jor advantage compared to the experiment, as the metal 
layer covering the surface can be defined optically trans-
parent while still retaining the electrical features of a met-
al contact, especially recombination characteristics. j0,met, 
which is equal to j0e in this approach due to complete sur-
face metallization, then is extracted according to Eq. (1). 

Although the virtual sample is covered with a metal 
layer, QSSPC measurements/simulations are conducted 
without contacting the probe, meaning no current extrac-
tion through the contact occurs; so we expect the ρC to have 
little impact on the results. Although no pn-junction is 
present, which is possibly distorted by deep spikes, the 
observation window for the QSSPC simulation ends 
shortly above the pn-junction. Spikes deeper than that 
lower the excess carrier density to a degree, where no 
reasonable evaluation is possible anymore. We already 
touch the limits of the Sentaurus Device metal interface 
model by applying metal layers to an inhomogeneously 
doped silicon boundary, as it is the case for the spike flanks. 
A spike reaching from the surface as far as the lowly-doped 
base region would be too much of a speculation in terms of 
modeling and would not be covered by the implemented 
metal boundary models in Sentaurus Device. 

3 OPTIMIZED BBR3 DIFFUSION PROCESSES 
 
For a deeper understanding of the functionality of 

boron emitters regarding the correlation of ρC to the junc-
tion depth or the dependence of j0,met on the profile pro-
gression, tailoring of doping profiles needs to be possible. 
Profiles with the same maximum dopant concentration 
Nmax but different depth or profiles with similar depth but 
different Nmax are desirable. Several BBr3 diffusion pro-
cess variations have been performed to find such profiles. 
Now, one investigation is discussed in more detail, where 
only one process parameter has been stepwise adjusted. 

The starting point in the generation of boron doping 
profiles is emitter profile Em A depicted in Fig. 2, a dop-
ing profile with a maximum dopant concentration Nmax = 
9.1·1019 cm-3 and an emitter sheet resistance Rsh = 66 Ω/sq. 
The doping profiles are determined by electrochemical 
capacitance voltage measurements (ECV). The BBr3 dif-
fusion process features a post-oxidation (PO) step right 
after the drive-in step which leads to the pronounced 
depletion at the wafer surface as the solubility of boron is 
higher in silicon oxide than in silicon [13]. 

The performed experiment aims at reducing the re-
combination activity of passivated and textured boron-
doped surfaces by lowering Nmax. One approach is to 
prolong the PO. Starting from process Em A, which fea-
tures the standard PO, five variations with longer PO are 
investigated, while keeping the other parameters as for 
Em A. The resulting profiles are given in Fig. 2. With 
stepwise increasing PO from process Em A to process 
Em F, Nmax decreases while the profiles become deeper. 
The reasons for this result are segregation of boron into 
the growing silicon oxide layer at the silicon interface, 
oxidation enhanced diffusion of boron, and longer diffu-
sion times in general [13,14]. Further details on the con-
ducted BBr3 diffusion processes can be found in Ref. [1]. 
For Em F, this results in Nmax ≈ 1.8·1019 cm-3 and a depth 
d ≈ 850 nm, yielding Rsh = 104 Ω/sq. 

In Fig. 3, the j0e for the diffusion processes with 
adapted PO are depicted. The respective open-circuit 
voltage limit VOC,limit is also specified. The j0e is deter-
mined by QSSPC measurements on samples as shown in 
Fig. 3 using Eq. (1). The samples feature alkaline tex-
tured, highly doped surfaces that are passivated by a layer 
stack of Al2O3/SiNx deposited by plasma enhanced chem-
ical vapor deposition (PECVD). 

Fig. 1. Cross section through the spike tip plane. The 
virtual junction for an actual doping profile is indicated 
(the QSSPC model does not have a junction). 

Fig. 2. Charge carrier concentration profiles determined by 
ECV measurements for different variations of the post-
oxidation step within the BBr3 diffusion process basing on 
Em A. The measurements are performed on alkaline saw-
damage etched surfaces at the samples’ center positions. 
The Rsh measured by means of inductive coupling at the 
ECV measurement spots as well as Nmax are specified.  
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It is seen that linear correlation exists between Rsh 
and j0e: the higher Rsh, the lower j0e. The more the PO is 
extended, the lower the recombination at the surface and 
the lower the Auger recombination within the emitter 
volume, which results in lower j0e. Thus, with varying the 
PO, j0e is significantly reduced from j0e = 60 fA/cm2 for 
Em A to j0e = 30 fA/cm2 for Em F. This emitter allows 
for a VOC,limit = 717 mV, resulting in an increase of 18 mV 
in VOC,limit with respect to emitter Em A. 

BBr3 diffusion Em F is a very promising candidate 
for further developments and its implementation into 
n-type silicon solar cells. Besides a high VOC,limit = 717 mV, 
this process with reduced Nmax is found to be electrically 
contactable by screen-printed and fired silver-aluminum 
contacts with a specific contact resistance ρC below 
4 mΩcm2. This ρC is on the same level with that for process 
Em A. Thus, the larger junction depth of Em F is beneficial 
for achieving a low ρC as will be shown in the following 
section. Further, a benefit for larger junction depth is also 
anticipated regarding less recombination underneath the 
metal contacts based on the findings of Section 5. 
 
 
4 IMPACT OF JUNCTION DEPTH ON SPECIFIC 
CONTACT RESISTANCE 

 
The impact of an increase in junction depth of the 

boron emitter on ρC is examined utilizing two commer-
cially available Ag-Al screen printing pastes from differ-
ent manufacturers, referred to as “Ag-Al1” and “AgAl2”. 
For this purpose, three boron doping profiles with differ-
ent junction depths but nearly equal curve progressions in 
the near-surface region are utilized, which are a result 
from the before mentioned investigations. The ρC are 
measured on alkaline textured and passivated surfaces 
after contact firing according to the transmission line 
model (TLM) [15,16]. 

 
4.1 Approach 

Starting with Em A, two further boron doping 
profiles – Em G and Em H – with similar Nmax but deeper 
junctions are considered; see Fig. 4. The ߩC are deter-
mined on the front side of final n-type Cz-Si solar cell 

structures with Al2O3 and SiNx passivation layer both 
applied by PECVD. The fabrication process of the sam-
ples using sequential diffusion processes is discussed in 
more detail in Ref. [2]. After contact firing in an industrial 
conveyor belt furnace (peak wafer temperature ≈ 720°C for 
< 1 s), all samples are cut into 10 mm-wide strips and ρC 
is determined by the TLM method. The finger widths are 
≈ 80 µm for both Ag-Al pastes. For each boron doping 
with each Ag-Al paste, two wafers are examined. The 
TLM measurements are performed at six different 
positions per wafer in the wafer center where the diffusion 
process formed a very homogenous boron doping. 

 
4.2 Specific contact resistance 

Fig. 5 shows the measured ρC, which are overall very 
low with ρC ≤ 5 mΩcm². A clear trend is visible for both 
Ag-Al pastes and the three boron doping profiles; lower 
ρC is measured for increasing junction depth djunc: ρC for 
paste Ag-Al1 decreases from ρC = (3.7 ± 0.8) mΩcm² for 
Em A (djunc ≈ 570 nm) to ρC = (2.0 ± 0.4) mΩcm² for 
Em H (djunc ≈ 980 nm). Paste Ag-Al2 shows consistently 
about half the ρC as paste Ag-Al1 for each doping profile 
with the same trend regarding the junction depths. This 
result demonstrates that the measured ρC is significantly 
affected by the levels of doping concentration behind the 
dopant’s peak (Nmax), i.e. the profile’s shape. Thus, Nmax 

Fig. 3. Dark saturation current densities j0e of alkaline 
textured and passivated (PECVD Al2O3/SiNx) samples 
after firing in dependence of emitter sheet resistance Rsh 
measured by means of inductive coupling. The error bars 
represent the standard deviation of the measurement data 
reflecting the uniformity in j0e and Rsh over the wafer sur-
face for more than one wafer. The open-circuit voltage 
limit VOC,limit is calculated from j0e by using the one-diode 
model with jSC = 39 mA/cm2 and temperature T = 25°C.  

Fig. 4. Boron doping profiles N(d) determined by ECV 
measurements at the center of alkaline textured wafers 
for the specified BBr3 diffusion processes. The maximum 
dopant concentrations Nmax are specified. 

Fig. 5. Specific contact resistances ρC for two Ag-Al 
pastes obtained by TLM measurements on alkaline tex-
tured and boron-doped surfaces after contact firing. The 
surfaces are coated with a layer stack of Al2O3 and SiNx 
both applied by PECVD. The junction depths djunc of the 
boron doping profiles are also stated. The meaning of the 
box plots is exemplary explained for the first data set. 

60 70 80 90 100 110 120
20

30

40

50

60

70 Each data: 2–3 samples à 5 measurements PTQ140259

Em A
Em B
Em C
Em D
Em E
Em F

 

Em
itt

er
 d

ar
k 

sa
tu

ra
tio

n 

cu
rr

en
t 

de
ns

ity
 j 0e

 (f
A

/c
m

2
)

Emitter sheet resistance R
sh
 (/sq)

727

717

710

704

699

695

O
pe

n-
ci

rc
ui

t 
vo

lta
ge

 li
m

it 
V

O
C

,li
m

it (m
V

)

0.0 0.2 0.4 0.6 0.8 1.0
1016

1017

1018

1019

1020

Em A
Em G
Em H

Depth d (µm)C
ha

rg
e

 c
ar

rie
r 

co
nc

e
nt

ra
tio

n 
N

 (
cm

-3

140184

   N
max

(10
19

cm
-3
)

8.3
8.1
8.4 Extrapolation

Em A Em G Em H
0

1

2

3

4

5

6

d
junc

  980 nm d
junc

  790 nm 

number of
measurements

12

12

12

10

12

11

25%

75%

 

S
pe

ci
fic

 c
o
nt

ac
t r

e
si

st
an

ce
 

C
 (

m


cm
²)

Paste
 Ag-Al1
 Ag-Al2

140184

Boron doping profile

max

min

mean
median

d
junc

  570 nm 



Presente

 

is not the o
tance elec
utilizing A
clear that 
the electric

 
4.3 Micros

To inv
printed an
croscopy (
ing of the 
image is 
imply a fo
[17]. The 
bulk meta
glass layer
observed, 
apparent. 
other autho
larger in 
phosphoru
reveal that
microns d
the spike c
 
4.3 Analy
sistances 

The an
lows for c
file N(d), 
age fractio
sion of the
the results

Fig. 6. SE
with boro
paste Ag-A
and the m
occupied b

Fig. 7. Cal
Em G and
input para
qϕb are us
to 1016 cm
order to b
dspike > djun

-

-

-

-

-

-

R
el

at
iv

e 
ch

a
ng

e
 o

f 
C
 

in
 r

el
a

tio
n 

to
 p

ro
fil

e 
E

m
 A

 (
%

)

ed at the 31st E

only parameter
ctrical contacta
Ag-Al contacts
the Ag-Al past
cal contact form

structure investi
vestigate the si
nd fired Ag-Al 
(SEM) images a
TLM measurem
shown in Fig

former metal sp
crystallites wer

al or separated 
r. Different siz
also very larg

This finding is
ors [18–20]. Th
size than those

us-doped surfac
t the spikes pen

deep into the bo
coverage is foun

ytical model for

nalytical mode
calculation of ρ
spike penetrati

on Aspike. Refer 
e performed cal
 is discussed. F

EM image of an
on doping Em G
Al2, the glass l

metal spikes after
by a spike befo

lculated relativ
d Em H in relati
ameters: see the
sed as indicated
m-3 for larger de

be able to ca
nc = 570 nm. 

0 30 60 20
-60

-50

-40

-30

-20

-10

0

Sp

 Em G

Alternative
m

t
* = 1.0 m

European PV So

r which determi
ability of boro
s. On the other
te itself has a m
mation. 

igation of the c
ilicon surface b
 contacts, scan
are taken after w
ment strips. An
. 6. The marke
pike presence 
re either in dir
from it by an 

zes of crystallit
ge and thus d
s in line with t
he imprints are 
e observed for
ces [17]. Furth

netrate some 100
oron-doped emi
nd to be in the r

r calculating sp

l, introduced in
ρC dependent on
on depth dspike,
to Ref. [2] for 

lculations. Here
Fig. 7 depicts th

n alkaline textu
G after wet-che
layer, the passiv
r contact firing.

ore wet-chemica

e changes in ρ
ion to ρC for pr
e text, other va
d). For profile E
epths than the j

alculate relative

00 400 600

Profile

pike depth d
Spike

G    Em H

Guid

e Input paramete
m

0
; q = 0.58 eV

olar Energy Con

ines the low res
on-doped surfac
r hand, it is a

major influence 

ontact interface
below the scree
nning electron m
wet-chemical etc
n exemplary SE
ed spike impri
at these locatio

rect contact to 
intermediate th
e imprints can 

deep imprints 
the findings fro
significantly 

r silver pastes 
her examinatio
0 nm up to seve
itter surfaces, a
range of 1% [2]

pecific contact 

n Section 2.1,
n e.g. doping p
 and spike cov
a detailed discu

e, only a subset
he relative chang

ured Cz-Si surfa
emical etching 
vation layer sta
 Each imprint w
al etching. 

C for the profil
rofile Em A (us
alues for m t* a
Em A, N(d) is s
junction depth 
e differences f

0 800 1000

 Em G
 Em H

e
 (nm)

e to the eye

ers:

nference and Ex

sis-
ces 

also 
on 

e 
en-
mi-
tch-
EM 
ints 
ons 
the 
hin 
be 

are 
om 

on 
ons 
eral 
and 
]. 

re-

al-
pro-
ver-
us-
t of 
ges 

fo
ρC

cu
(m
0.
di
pa
Sc
do
th
di
ds

do
re
Em
pr
pr
Em
pe
sig
50
sli
en
fil
cl
de
re
flu
Th

5
TI
TA

5.

de
H
th
co
pr
pr

sim
de
co
to

face 
 of 

ack, 
was 

les 
sed 
and 
set 
in 

for 

F
E
ex
an

h
(

–3
)

xhibition, 14-18

or the calculated
C obtained for bo
ulated with an 
m0: electron ma
54 eV. To dem
fferences are m

arameters, the 
chottky barrier
otted lines). Sin
his comparison, 

fference in ρ
pike > 60 nm, a

oping profile 
lative to profile
m H in dependen
rofile Em H. Th
rofile Em A and
m A and Em H
erimentally dete
gnificant relati
00 nm. Althoug
ight changes in
nces for profile
le Em A furthe
early show that
eeper junctions
gion in the first
uence on ρC, if 
his is also consi

 
 
3D QSSPC 

ION CURREN
ACTS  

 
1 Approach 

The next topi
epicted spikes 
ere, too, we tak

he emitter with 
ount; see Fig. 8.
rocess paramet
rofiles Em I and

The emitter p
mulated with v
epth dspike, as d
ombination velo
 Smet = 107 cm/s

 

ig. 8. Emitter d
Em J, which are
xhibit a partly 
nd junction dep

0.0 0.1
1016

1017

1018

1019

1020

E
E
E
E

C
ha

rg
e 

ca
rr

ie
r 

co
nc

en
tr

at
io

n 
N

 (c
m

–3
)

8 September 20

d ρC with varyi
oron profile Em

effective tunn
ass), and a Scho
monstrate that t
more or less inde

effective tunn
r height qΦb a
nce only the rati

the results are 
ρC is visible 
an impact on 
progressions i
e Em A for the 
nce of dspike. Th
he relative diffe
d Em G of up t
of up to ≈ – 40%

ermined differen
ive reduction i
gh varying the 
n the ρC-curves

Em G and Em
er remain. Hen
t lower ρC resul
. Finally, the p
t 60 nm of the p

f the spikes are 
idered in detail 

SIMULATION
T DENSITY B

ic of interest is 
on j0,met of the
ke Em A as a s
the lowest j0e,

. Two further va
ers yield the 
Em J, which ar

profiles Em A, E
varied spike su
described in Sec
ocity at the me
s and j0,met is ex

doping profiles 
e chosen for the

crosswise vari
pth. 

0.2 0.3 0.4

Em A, 65 /sq
Em I, 111 /sq
Em J, 62 /sq
Em F, 108 /sq

Depth d

015, Hamburg, 

ing dspike in rela
m A. The solid li
neling mass m
ottky barrier he
the calculated r
ependent of the

neling mass m
are also varie
ios of ρC are of 
independent on
for dspike ≤ 6
ρC due to th

is evident: ρC

e deeper profiles
he lowest ρC is o
ferences in ρC b
to ≈ –20% and 
% are in the rang
nces; see Fig. 5
in ρC results 
input paramete

s, the clear rela
m H in compari
nce, the simulat
lts for doping pr
process induced
profile doesn’t 
deeper than th
in Ref. [2]. 

N OF DARK 
BENEATH MET

the impact of t
e emitter dopin
starting point. I
, Em F, is tak
ariations of BB
two intermedi

re also examine
Em F, Em I, an

urface coverage
ction 2.3. The 

etal-silicon inte
xtracted. 

 Em A, Em F,
e j0,met simulati
iation in surfac

0.5 0.6 0.7
d (μm)

Extrapolatio

Germany 

ation to the 
ines are cal-

mt* = 0.5 m0 
eight qΦb = 
relative ρC-
e used input 

t* and the 
ed (dashed/
f interest for 
n Aspike. No 
0 nm. For 

he different 
 decreases 
s Em G and 
obtained for 
between (i) 
(ii) profile 

ge of the ex-
5. The most 
for dspike < 

ers leads to 
ative differ-
son to pro-
tion results 
rofiles with 
d depletion 
have an in-

hese 60 nm. 

SATURA-
TAL CON-

he in Fig. 6 
ng profiles. 
In addition, 
en into ac-

Br3 diffusion 
iate doping 
ed. 
nd Em J are 
e Aspike and 
surface re-
rface is set 

 Em I, and 
ion, as they 
ce coverage 

0.8 0.9

 

on



Presente

 

5.2 Simula
The g

spikes und
tip, throu
regions tha
minority c
closer tow
more carri
of the shi
increased j

The pl
j0,met obtai
for profile
trends in j
most cons
This point
junction. 
rapidly. Em
800 fA/cm
and 0.5 
Aspike = 1%
j0,met = 80
Em F, Em
reviewed i

To hav
processed 
measurem
experimen
Fig. 10 as 

Review
experimen
ming a Asp

Fig. 9. 2D 
element. T
20%. Show
to the spi
flash. The
nisms; the

Fig. 10. 3
varied spik
dspike for E
better visi
indicates 
measured 

100

200

300

400

500

S
im

ul
at

ed
 j 0,

m
et

 (
fA

/c
m

2
)

ed at the 31st E

ation results for
general recombi
der illumination
gh to its exp
an the rest of th
charge carrier 

wards the lowly
iers are attracte
ielding emitter 
j0,met levels. 
lots in Fig. 10 
ined for the em
es Em F, Em I
j0,met (not show
stant at a low le
t is roughly 250
Starting aroun
m A shows a l

m² to over 4000
µm for Asp

%, we do onl
00 fA/cm² to 10

m I and Em J yie
in Ref [3]. 
ve a reference f

samples we
ments are descr
ntally determine
a grey horizont

wing the exper
ntal j0,met can be
pike ൒ 10% in c

cross-section thr
The spike surfac
wn is the electro
ike tip under i
e figure intend
refore the exac

3D QSSPC sim
ke coverage As

Em A. The da
ibility of the tr
the j0,met calc
spiked samples

0.0 0.1
0

00

00

00

00

00

 50 %
 40 %
 30 %
 20 %
 10 %
 5 %
 1 %

Spik

Spike coverage

European PV So

r j0,met 
ination mechan
n is visualized i
posed location 
he metallization

recombination
y-doped base r

ed due to the re
region. This 

show the simu
mitter profile E
I, and Em J fe
wn). For all Asp

evel up to a ce
0 nm before re
nd this depth
large j0,met incr
0 fA/cm² betwe
pike ൒ 10%. N
ly see a sma
000 fA/cm. Th
eld comparable 

for the j0,met, m
ere taken into
ribed in detail 
ed j0,met for Em
tal line. 
rimental results
e met with the 
ombination wit

rough the spike t
ce coverage in t
on current dens
illumination du
ds to show the
t figures are no

mulation result
spike and spike p
ashed curves a
rends. The gre
culated with t
s. 

0.2 0.3

(3900 +- 300) fA

ke depth d
spike

 

 

e

olar Energy Con

nism occurring
in Fig. 9: the spi

in lower dop
n, shows increas
n. If the tip g
region, more a

educed impressi
results in grea

ulation results 
Em A. The resu
ature comparab

pike, j0,met stays 
ertain spike dep
aching the virtu

h, j0,met increa
rease from arou
een dspike = 0.2 µ
Nevertheless, 
all increase fro
e emitter profi
results, which 

easurements fro
o account. T
in Ref. [3]. T

m A is plotted 

s, we see that t
simulations as

th deep spikes 

tip plane of the 3
the 3D element
sity increase clo
uring the QSSP
e general mech
t of importance

ts for j0,met wi
penetration dep
are smoothed f
ey horizontal li
the help of t

0.4 0.5

Em A

A/cm
2

(µm)

nference and Ex

g at 
ike 
ped 
sed 

gets 
and 
ion 
atly 

for 
ults 
able 

al-
pth. 
tual 
ases 
und 
µm 
for 
om 
iles 
are 

om 
The 
The 
d in 

the 
su-
for 

th
an
 
5.

ex
N
ds

ju
lo
na
on
co
de
le
de
cl
th
j0,

sh
pr
wh
ef
sh
in
tw
j0,

do

on
be
ce
ca
ob
ju
of
kn
ha
pe
in
sa
sin
on
ca
be
ju
lar
on

3D 
t is 
ose 
PC 
ha-
e. 

ith 
pth  
for 
ine 
the 

Fi
em

xhibition, 14-18

he examined do
nd Em J). 

3 Discussion 
Our simulati

xamined Aspike

oticeable inc
pike = 2500 nm 

unction-depth, t
w enough to g

ation. We defin
n the doping p
ould be set at 
ensity gradient 
ads to more a
emonstrates thi
oser a spike tip

his effect is pron

,met curve, espec
To emphasiz

hows the 10% c
rofiles. Deeper 
hich conforms

ffect. Also we 
hallow spike d
ncrease is comp
wo deep profile

,met to an exten
oping profile alm

For every em
n measurements
efore the spike 
ell equipped w
ase, we can s
bservation win
unction depth) f
f 1%. This tho
now from ima
ave a surface ex
enetration into t
nclusions: either
amples is large
nce the covera
ne probe and thu
ase that – at cov
ecome only re
unction. This co
rgely increased
n the fill factor 

ig. 11. Compar
mitter profiles f

0.0 0
0

1000

2000

3000

4000

5000

S
im

ul
at

ed
 j 0

,m
et

 (
fA

/c
m

2 )

8 September 20

oping profile (a

ions show tha
are not harmfu

crease in j0

for Aspike ൒ 10%
the spike tip re
ive raise to pro

ne this as critic
profile shape, b

250 nm above
towards the s

nd more carrie
is for the elect
p reaches towar
nounced, leadin
cially for Aspike 
ze the impact 
coverage j0,met-
emitter profile

s to our expla
see that irresp

epths of the d
arable for the tw

es. This means
t, where the su
most loses its im

mitter we reach 
s for spike cove
depth passes t

ith the respecti
show the mea
dow (which d

for the experime
ugh was not n
ging results (F
xpansion which
the base region
r the surface c

er than 1%; a 
ge measuremen
us cannot be ge

verage fractions
elevant if they
onforms to our 
d j0,met, which i
FF due to shun

rison of the j0
for 10% spike co

0.1 0.2 0.3 0

 Em A
 Em I
 Em J
 Em F

Spike dep

compar

015, Hamburg, 

and also for Em

at shallow spik
ful to the emit

0,met starts 
%. If spikes ap
eaches into do
onounced carrie
cal zone. Its lim
but a reasonab
e the junction.
spike tip devel
ers diffusing th
tron current de
rds the junction
ng to the over-e
above 10%. 
of profile dep

-curve for all f
es tolerate dee
anations of the
pective from th
doping profiles
wo shallow pro

s, deep spiking
urface concentra
mportance. 
the j0,met calcu

verages of 10% 
the pn-junction
tive doping pro
asured results 
does not reach 
entally observe

necessary to sh
Fig. 6), that so
h geometrically 
n. That leaves u
coverage of the
case we canno
nt was only pe
eneralized. Or w
s of 1% and low
y penetrate th
experimental r

influences VOC.
nting will not b

0,met curves fo
overage. 

.4 0.5 0.6 0.
pth d

spike
 (µm)

 

rison at 10% spike c

Germany 

m F, Em I, 

kes of any 
tter’s j0,met. 
at about 

pproach the 
ping levels 
er recombi-
mit depends 
ble fixpoint 
. A carrier 
lops which 
here. Fig. 9 
ensity. The 
n, the more 
exponential 

pth, Fig. 11 
four emitter 
eper spikes, 
e observed 
he j0,met at 
, the steep 

ofiles or the 
dominates 

ation of the 

ulated based 
and higher 

n of a solar 
ofile. In no 
inside our 
up to the 

ed coverage 
how, as we 
ome spikes 
indicates a 

us with two 
e examined 
ot exclude, 
erformed at 
we have the 
wer – spikes 
hrough the 
results of a 
 The effect 
e discussed 

r the four 

7 0.8 0.9

coverage



Presente

 

here as the
contact mo

As a l
modelling 
models ov
explainabl
extrapolate
grooves an
effectively
recombina
are not sui

 
 

6 CONC
 
Our st

high maxim
and a dark

The fi
BBr3 diffu
cluster of
increasing
est junctio
j0e = 30 fA
in conjunc
and a shee

The se
emitter reg
of the clus
with a spe
commercia
the questi
conjunctio
derivates o
near-surfa
tally realiz
er ߩC. Ana
current co
contact, re
the deepe
flanks exp
to lower ߩ

In the 
emitter da
metallized
QSSPC si
doping pro
first stage
Em J). As
unaffected
currents. j
towards gr
each emitt
line. If a s
ences an o
spike tip, q
fA/cm². Th
shape, but
junction 
emitter pr
spiking. 

Finally
spikes on 
regarding 
trolled. T
should be 

ed at the 31st E

e simulation ph
odeling here (se
last point we w
 is inevitable w
verestimate the
le by geometr
ed to the third
nd not inverted
y an edge, 
ation interface m
itable for these 

CLUSION 

tarting point is 
mum doping co

k saturation curr
rst stage of thi

usion with prolo
f emitter shap

g junction depth
on (Em F) eme
A/cm² on alkalin
ction with Nmax

et resistance Rsh

econd stage se
gion. Even em
ster of stage on
ecific contact r
ally available 
ion arised how
on with meta
of Em A with i
ce region but d
zed, showing th
alytical calcula
onduction betw
eveal also that 
er the junction
perience higher 
 .Cߩ

third stage, the
ark saturation c
d area is invest
imulations. For
ofile Em A, ou
e) and two in
s a result we se
d by shallow s
j0,met only incre
reater depths wi
ter profile has a
spike’s tip reac
over-exponenti
quickly leading
his critical zon
t could roughl
line. Resulting
rofiles are mu

y we can stat
metallized boro
contact format

Therefore meta
optimized such

European PV So

hysics do not s
ee Section 2.3).
would like to p

when simulating
e j0,met increase
ical considerat
d dimension, a
d pyramids. The

which increa
massively. Ther
simulated geom

the emitter pro
oncentration Nm

rent density j0e 
s work is a pro
onged post-oxid
pes with decr
h djunc. The emit
rged as the on

ne textured and 
x = 1.8·1019 cm-3

h = 115 Ω/sq. 
ets the focus o

mitter Em F with
ne could be elec
esistance ߩC < 
silver-aluminum

w the emitter 
l spikes influ
dentical curve p
deeper junction
hat the deeper p
ations, taking in
ween metal spik

the junction d
n, the longer t
doped regions 

e impact of me
current density j
tigated by 3D 
r that, we aga
ur champion e
ntermediate pro
ee that the emi
spiking regardi
eases slightly a
ithin the emitter
a critical zone a
ches into this z
al increase orig

g to j0,met of sev
ne depends on t
ly be set to 25
g from this re
uch more robu

te that the for
on emitters is a
tion, if their de
al pastes and 
h that shallow s

olar Energy Con

uffice in terms
 
point out that 
g spikes. 2D spi
e heavily. This
tions: 2D spik
are effectively 
erefore their tip
ases the cruc
refore, 2D mod
metries. 

ofile “Em A” w
max = 9.1·1019 cm
= 60 fA/cm². 

ocess variation 
dation leading t
easing Nmax a
tter with the dee
e with the low
passivated surfa

3, djunc = 0.85 µ

on the metalliz
h the lowest N
ctrically contact
4 mΩcm² using
m paste. Hereb
profile shape 

uences ߩC. Tw
progression in t
ns are experime
profiles yield lo
nto account dir
kes and the bu
depth impacts ߩ
the metal spik
which contribu

etal spiking on t
j0,met beneath t
Sentaurus Dev
ain employed t
mitter Em F (s
ofiles (Em I a
itters seem qu
ing recombinati
as spikes progr
r profile. Howev
above the juncti
one, j0,met expe
ginating from t
veral thousands
the emitter prof
50 nm above t
cognition, deep
ust against de

rmation of me
a desirable featu
epths can be co

firing proces
pikes in suffici

nference and Ex

s of 

3D 
ike 

s is 
kes, 

V-
p is 
cial 
dels 

with 
m-3 

for 
to a 
and 
ep-

west 
face 
µm, 

zed 
Nmax 

ted 
g a 
by, 
in 

wo 
the 
en-

ow-
rect 
ulk 
 :Cߩ

ke’s 
utes 

the 
the 

vice 
the 
see 
and 
uite 
ion 

ress 
ver, 
ion 
eri-
the 

s of 
file 
the 
per 
eep 

etal 
ure 
on-
ses 
ent 

nu
em
Cߩ

A

M
re

of
(“

RE

[1

[2

[3

[4

[5

[6

[7

[8

[9

[1

[1

[1

xhibition, 14-18

umber are form
mitter profiles f
C and are more r

 
 

CKNOWLEDG
 
This work 

Ministry for Ec
search project “

N. Wöhrle g
f the German
Deutsche Bund

 
 

EFERENCES
 

] S. Werne
Vlooswij
“Optimiz
type silic
Hamburg

2] E. Lohmü
and F. Cl
on the sp
printed A
Materials
2015. 

] N. Wöhrl
and S. M
Character
Doped Si
Res. App

4] G. Schub
crystallin
Konstanz

5] R. Hoeni
analysis o
silicon so
Ludwigs-

6] S. M. Sze
Wiley, 19

7] A. Yu, “E
of metal-
Electroni

8] R. A. Sin
“Quasi-st
method f
character
Specialis
1996, pp.

9] D. E. Kan
the emitte
photocon
cells),” in
Conferen

0] A. Kimm
Sinton, “
QSSPC,”
2014. 

1] Synopsys
H-2013.0

2] R. A. Sin
State Ope
Character
2000. 

8 September 20

med. Further, w
for n-type solar 
robust against d

GEMENTS 

was funded b
onomic Affairs
“THESSO“ und
gratefully ackn
n Federal En
desstiftung Umw

er, E. Lohmüller
k, R. Naber, S. 

zation of BBr3 d
on solar cells,”

g, 2015. 
üller, S. Werner
lement, “Impact
ecific contact re

Ag–Al contacts 
s and Solar Cel

le, E. Lohmülle
ack, “Towards 
ristics of Ag-Al
ilicon for Solar 
l, submitted Sep

bert, “Thick film
ne silicon solar c
z, Universität, K
g, “Evaluation 
of thick film co
olar cells,” Diss
-University, 20
e, Physics of Se
981/2007. 
Electron tunneli
silicon contact 
ics, vol. 13, no. 
nton, A. Cuevas
teady-state phot
for solar cell ma
rization,” in 25t
ts Conference W
. 457–460. 
ne and R. M. Sw
er saturation cu

nductivity decay
n 18th IEEE Ph
nce Las Vegas: 
merle, P. Rothha

Increased Relia
” Energy Proced

s, “Sentaurus D
03. 
nton and A. Cue
en-Circuit Volta
rization,” in 16

015, Hamburg, 

we recommend d
cells which all

deep spiking. 

by the Germa
s and Energy 
der contract 032

nowledges the 
nvironmental 
welt”, ). 

er, U. Belledin, 
 Mack, and A. 
diffusion proce

” in 31st EUPVS

er, R. Hoenig, J.
ct of boron dopi
resistance of scr
on silicon,” Sol
lls, vol. 142, pp

er, J. Greulich, 
Understanding

Al Spiking on Bo
r Cells,” Prog. P
p. 2015. 

m metallisation 
cells,” Disserta

Konstanz, 2006
and microstruc

ontacts for indu
sertation, IMTE
014. 
emiconductor D

ing and contact
barriers,” Solid
 2, pp. 239–247

s, and M. Stuck
otoconductance,
aterial and devi
th IEEE Photov
Washington DC

wanson, “Meas
urrent by a cont
y method (silico
hotovoltaic Spec
1985, 1985, pp

ardt, A. Wolf, a
ability for J0-an
dia, vol. 55, pp

Device User Gui

evas, “A Quasi-
tage Method for
6th EUPVSEC G

Germany 

deep boron 
low for low 

an Federal 
within the 

25491. 
scholarship 
Foundation 

           

A. 
Wolf, 

esses for n-
SEC 

. Greulich, 
ing profiles 
reen 
lar Energy 

p. 2–11, 

S. Werner, 
g the 
oron-
Photovolt: 

of 
ation, 
. 

cture 
strial 

EK, Albert-

Devices: 

t resistance 
d-State 
7, 1970. 

kings, 
, a new 
ce 

voltaic 
C: 1996, 

surement of 
actless 
on solar 
cialists 

p. 578–583. 
and R. A. 
nalysis by 
p. 101–106, 

ide,” vol. 

-Steady-
r Solar Cell 
Glasgow, 



Presented at the 31st European PV Solar Energy Conference and Exhibition, 14-18 September 2015, Hamburg, Germany 

 

[13] A. S. Grove, O. Leistiko, and C. T. Sah, 
“Redistribution of Acceptor and Donor Impurities 
during Thermal Oxidation of Silicon,” J. Appl. 
Phys, vol. 35, no. 9, p. 2695, 1964. 

[14] K. Taniguchi, “Oxidation Enhanced Diffusion of 
Boron and Phosphorus in (100) Silicon,” J. 
Electrochem. Soc, vol. 127, no. 10, p. 2243, 1980. 

[15] H. Murrmann and D. Widmann, “Current 
crowding on metal contacts to planar devices,” 
IEEE Trans. Electron Devices, vol. 16, no. 12, 
pp. 1022–1024, 1969. 

[16] H. H. Berger, “Contact Resistance and Contact 
Resistivity,” J. Electrochem. Soc, vol. 119, no. 4, 
p. 507, 1972. 

[17] S. Kontermann, A. Ruf, R. Preu, and G. Willeke, 
“Simulating the interface morphology of silver 
thick film contacts on n-type Si-(100) and Si-
(111),” Appl. Phys. Lett, vol. 101, no. 12, p. 
121907, 2012. 

[18] R. Lago, L. Pérez, H. Kerp, I. Freire, I. Hoces, N. 
Azkona, F. Recart, and J. C. Jimeno, “Screen 
printing metallization of boron emitters,” Prog. 
Photovolt: Res. Appl, vol. 18, no. 1, pp. 20–27, 
2010. 

[19] F. D. Heinz, M. Breitwieser, P. Gundel, M. 
König, M. Hörteis, W. Warta, and M. C. 
Schubert, “Microscopic origin of the aluminium 
assisted spiking effects in n-type silicon solar 
cells,” Solar Energy Materials and Solar Cells, 
vol. 131, pp. 105–109, 2014. 

[20] S. Fritz, M. Konig, S. Riegel, A. Herguth, M. 
Horteis, and G. Hahn, “Formation of Ag/Al 
Screen-Printing Contacts on B Emitters,” IEEE 
Journal of Photovoltaics, vol. 5, no. 1, pp. 145–
151, 2015. 


