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A 3-in-1 doping process for interdigitated back contact
solar cells exploiting the understanding of co-diffused
dopant profiles by use of PECVD borosilicate glass in a
phosphorus diffusion
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ABSTRACT

Boron and phosphorus doping of crystalline silicon using a borosilicate glass (BSG) layer from plasma enhanced chemical
vapor deposition (PECVD) and phosphorus oxychloride diffusion, respectively, is investigated. More specifically, the si
multaneous and interacting diffusion of both elements through the BSG layer into the silicon substrate is characterized
in depth. We show that an overlying BSG layer does not prevent the formation of a phosphorus emitter in silicon substrates
during phosphorus diffusion. In fact, a BSG layer can even enhance the uptake of phosphorus into a silicon substrate com
pared with a bare substrate.

From the understanding of the joint diffusion of boron and phosphorus through a BSG layer into a silicon substrate, a
model is developed to illustrate the correlation of the concentration dependent diffusivities and the emerging diffusion pro
files of boron and phosphorus. Here, the in diffusion of the dopants during diverse doping processes is reproduced by the
use of known concentration dependences of the diffusivities in an integrated model. The simulated processes include a BSG
drive in step in an inert and in a phosphorus containing atmosphere.

Based on these findings, a PECVD BSG/capping layer structure is developed, which forms three different ™" , n
and p* doped regions during one single high temperature process. Such engineered structure can be used to produce back

+

contact solar cells. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

About 90% of solar cells manufactured in 2014 were based on
crystalline silicon [1,2]. Eighty percent of these cells use
aluminum back surface fields (BSF [3]) [4]. However, their
efficiency is limited to less than 20% because of the mediocre
internal reflection and surface passivation of the aluminum
contact [S]. The efficiency of solar cells can be increased up
to 25% with back contact solar cell concepts [6] omitting the
trade off between low shading and resistance losses. To realize
such concepts, differently doped regions are needed on the
rear side of a solar cell. These regions can conveniently be cre
ated in separate steps of deposition and in diffusion of dopants
using plasma enhanced chemical vapor deposition (PECVD)
silicate glass or other standard doping processes.

Recent research has focused on the formation process of
PECVDssilicate glass emitters [7 9], monitoring the quality
of these PECVD emitters [10], co diffusion processes with
PECVD emitters [11,12], contacting of these emitters
[13,14], passivation through the same BSG layer [15], and
the fabrication of solar cells using PECVD silicate glass
[7 9,12,14,16 19]. Solar cell efficiencies of above 20%
have been achieved with PECVD silicate glass processes
for n type small area back junction IBC cell concepts [16],
large area back junction [18,19], and front junction bifacial
solar cell concepts [14]. Evidence for interacting diffusion
phenomena have also been reported using a BSG layer and
phosphorus oxychloride (POCly) diffusion [15,17].

The objective of this study is therefore to reveal the
interacting diffusion phenomena of boron and phosphorus
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in crystalline silicon. The co diffusion processes of boron
and phosphorus through a BSG layer are investigated
experimentally, and a model allowing for the prediction of
co diffused dopant profiles is presented. Furthermore, we
introduce an industrially feasible process to fabricate three
differently doped regions, phosphorus n™ , n*, and boron
p" doped, using one single high temperature step for highly
efficient interdigitated back contact silicon solar cells.

2. MIODEL OF THE DIFFUSION OF
DOPANTS IN SILICON

As a basis for the studies on dopant diffusion in crystalline
silicon, using borosilicate glass, a model of the diffusion of
dopants is introduced. It is developed as an integrated
model to simulate the isolated in diffusion of boron and
of phosphorus as well as the joint and interacting in

diffusion of boron and phosphorus through a borosilicate
layer into a silicon substrate.

2.1. Theory of diffusion (Fick’s law)

The diffusion of dopants like phosphorus (P) and boron (B)
in silicon can be described by Fick’s first law of diffusion

Jjp = Dp grad cp, jg = Dpgradeg. (1)

Here D denotes the diffusivity and j the particle current
density of the respective dopant, which is opposing the
gradient of its concentration c¢. The dopants are preserved
according to the continuity equation
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In the case of boron, a source term accounts for a boron
reservoir 7 in the BSG layer.

The diffusivity of the dopants depends on the tempera
ture, following an Arrhenius dependence as seen later on in
the results section.

2.2. Determination of the diffusivity by
Boltzmann-Matano analysis

The diffusivity D of a dopant can be determined by means of
Boltzmann Matano analysis from a diffused depth profile
c(x) of the dopant [20]. Therefore, the diffusivity of the dop
ant may depend exclusively on its concentration. To deter
mine D(c) the diffusion equation is rearranged [21 23].
The diffusivity D of a specific concentration c* equals the in
verse function x(c) of the doping profile c(x), integrated from
the substrate concentration ¢ to the concentration ¢*, multi
plied with its negative differential at the position ¢*, and di
vided by twice the diffusion duration ¢ [20],
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2.3. Simulation of diffusion processes

Solar cells and their manufacturing processes can be simu
lated using software like Sentaurus [24,25]. The diffusion
processes in this study can already be described by a
simpler model. Therefore, the diffusion and continuity
equations of the dopants will be solved directly for the
conditions as relevant within these investigations. In this
way the effects to be investigated can be deduced clearly.

For the simulation of the in diffusion of boron and phos
phorus only the diffusion of dopants is described with
concentration dependent diffusivities in silicon. Diffusion of
point defects and their interaction with dopants is not modeled
independently. Furthermore, no interface effects like an oxi
dation of the silicon substrate and effects linked to it like the
generation of point defects or segregation, which may lead
to a formation of precipitates, are taken into account. Also
the diffusion in the borosilicate glass layer is described by a
constant diffusivity only, and the uptake of phosphorus from
the diffusion furnace atmosphere is not modeled. Despite this
strong simplification of the diffusion process, the model
describes well the depth profiles and the observed effects of
mutual decrease and enhancement of the diffusion of dopants.
Diverse diffusion processes can be predicted with it.

To simulate the diffusion of dopants into a silicon sub
strate, the partial differential equations (1) and (2) are
solved in one dimension for the conditions of the respec
tive investigation. This is carried out numerically with the
software FlexPDE [26] using the finite element method
[27]. The following three processes are simulated with
one collective model:

POCI; diffusion: POCly diffusion is sim-
ulated as diffusion of phosphorus into a
silicon substrate. Here a constant con-
centration of phosphorus is adopted at
the surface of the substrate. There is no
boron.

BSG diffusion in N, atmosphere: BSG
diffusion in an inert nitrogen atmosphere
is simulated as diffusion of boron from
an overlying BSG layer into the silicon
bulk. Here a certain concentration of
boron in the BSG is used, which defines
the surface concentration of boron in the
silicon substrate. There is no phosphorus.

BSG diffusion in POCI; diffusion furnace:
BSG diffusion in a POCI; diffusion fur-
nace is simulated as concurrent diffusion
of boron and phosphorus. Boron diffuses
from a BSG layer into a silicon substrate
while phosphorus diffuses through the
borosilicate glass into the silicon substrate.



The change of the diffusivity of boron and
phosphorus in crystalline silicon because
of the respective other dopant [28 31] is
taken into account.

The modeled sample structure consists of a silicon sub
strate with an overlying BSG of thickness dgsg, see Figure 1.
In the case of POCl; diffusion, the BSG thickness is assumed
as zero. The two layers distinguish by different concentra
tions and diffusivities of the dopants. The formation of a
phosphosilicate glass (PSG) [32,33] and the transport of
phosphorus onto the substrate are not modeled separately.
Instead the surface concentration of phosphorus is used as
a parameter to describe the amount of phosphorus, which
is available at the surface of the sample.

2.4. Diffusion of substitutional dopants

Dopants of group Il and V of the periodic table, like boron
and phosphorus, form covalent bonds with their surround
ing silicon lattice atoms [34], and are almost exclusively
built in substitutionally [21,35]. They diffuse mainly be
cause of interaction with the two intrinsic point defects, va
cancies, and interstitial silicon atoms [21,34,35]. Because
their diffusion takes place through mobile dopant defect
pairs, the diffusivity D, of a dopant depends on both, the
concentration of the intrinsic point defect that governs its
diffusion and the concentration of the dopant itself [22].

From the concentration c¢x » of a point defect X~ " in
charge state m, the concentration of dopant defect pairs
cax » can be developed. Using the sum of the current den
sities of the diffusing dopant defect pairs Dax =, the diffu
sivity D of the dopant emerges as [34,35]

Dy =hY_,y Dax (nf)m o)
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POCI, diffusion furnace

Figure 1. Sketch of the model of a BSG diffusion step in a POCl3
diffusion furnace. Boron and phosphorus diffuse simultaneously
into a silicon substrate.

with the intrinsic diffusivities of the diffusing species
Dax »; and the field enhancement factor /.

2.5. Parameterization of the diffusivity of
phosphorus

Under intrinsic conditions (n < n;), the diffusion of phospho

rus in silicon takes place through neutral silicon interstitials
[22,35 37] and for high phosphorus concentrations through
double negatively charged vacancies [22,36,38]. So for the
diffusivity of phosphorus Dp a simple model is used, which
assumes a different diffusivity in the kink and in the tail region
and whose parameters are chosen based on the phosphorus
profiles shown in Figure 2. The diffusivity of phosphorous is
depicted in Figure 3. For its parameterization according to
equation (4) and [38] the following relations are used as pre

sented in [39] (cp: boron concentration; cp,s,): electrically ac

tive phosphorus (surface) concentration; cpegr=cp, Cg:
effective phosphorus net doping; np constant):

2
Dpx = Dpko <1 + (Cpeff> >7 (5)
np

Diffusivity of phosphorus in kink region

3
Dpr = Dpro (1 + (Cpias> ) ) (6)
np

Diffusivity of phosphorus in tail region

1
CXP (cp;;)n,,) + 1

Diffusivity enhancement in tail region

Drg = (Dpr  Dpk) (7)
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Figure 2. Phosphorus depth profiles experimentally produced by

a POCIz diffusion (ECV measurement, symbols) and simulated

according to section 2 (lines). The electrically active concentration

of phosphorus cp, is plotted against the depth in the substrate x
for a diffusion temperature T of 806, 840, and 891 °C.
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Figure 3. Diffusivity Dp, of the electrically active phosphorus
plotted against its concentration cp,. Values determined by
Boltzmann Matano analysis from the phosphorus emitter pro
files in Figure 2 are shown for T=2806, 840, and 891 °C (sym
bols) together with the values of the diffusivity model (lines).

Furthermore, for a high concentration of effective boron
net doping cgegr=Cp  Cp, in p type silicon a proportional de
crease of the diffusivity according to (1 + Cpe;) ! is taken
into account [30,31], which is shown in Figure 4. So the over
all diffusivity of phosphorus emerges as

Dp = (Dpk + DrE) (8)

[

The process temperature exceeds the glass transition and
flow temperatures of borosilicate glass, which lie at about

Model of diffusivity (T = 920°C)
10 < T
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Figure 4. Decrease of the diffusivity of boron and phosphorus
plotted against the concentration of the respective other dopant.
De(cgefi)/Dp(Ceti = 0) = (1 + cgeri/m) 1 and Dgl(cpefi)/Da(Cpess = 0)
=(1+ cperi/n) 1 (continuous black line) and the asymptote n/cges,
n/cress (dashed blue line) are shown for a temperature T=920 °C.
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600 °C [40] and 800 to 850 °C [41], respectively. Therefore,
the diffusivity of phosphorus in the BSG layer Dggg is
modeled with a higher value than in the crystalline silicon sub
strate. Values of 4 x 107" to 3 x 10™'% cm?/s arise for it from
the experimentally determined doping profiles.

2.6. Parameterization of the diffusivity of
boron

Boron diffuses in silicon together with neutral and positively
charged silicon interstitials [34 36,42,43]. For the diffusiv
ity of boron also a simple model is used. Its parameters
are chosen based on the boron profiles shown in Figure 5.
The diffusivity of boron is parameterized after equation (4)
by the following relation according to [39] and shown in
Figure 6.

CBeff

Dg. = Dg; (1 +

ni

) Extrinsic diffusivity of boron (9)

For a high concentration of effective phosphorus net dop
ing cpegr=cp, Cp in n type silicon a proportional decrease
of the diffusivity according to (1 +Cpeg/ny) ! is taken into
account [28,29], see Figure 4. So the overall diffusivity of
boron emerges as

Dy = (Dge + D1g) (10)

1+ <&

ni

The diffusivity of boron in the BSG layer is modeled
with the same value as the diffusivity of phosphorus. It is
distinctly higher than Dy in silicon and therefore not limit
ing the diffusion process.

The boron and phosphorus concentrations are parame
terized as presented in [39]. For the overall concentration

Depth profiles of PECVD BSG boron emitters
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Figure 5. Depth profiles of boron emitters produced experimen

tally with PECVD borosilicate glass (dgsg = 73 nm) in an inert N,

atmosphere (ECV measurement, symbols) and simulated (lines).

The concentration of boron cg is plotted against the depth in the

substrate x for a diffusion temperature T of 850, 870, 890, 910,
930, 950, and 1012 °C for 100 min.
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Figure 6. Diffusivity Dg of the dopant boron plotted against its

concentration cg. Values determined by Boltzmann Matano

analysis from the boron emitter profiles in Figure 5 are shown

for T=850, 900, 950 and 1012 °C (symbols). The diffusivity's

dependence on cg and T is fitted with Dg=2.8 exp( 3.5eV/
ka1 + (cg/m)lem?/s (lines).

of boron in the BSG layer at the start of the process a value
of 5% 10*' cm™ is used, which is estimated by inductively
coupled plasma spectrometry.

2.7. Solving of the differential equations

The simulated depth profiles of the dopants phosphorus
cp(x,f) and boron cg(x,f) follow with time the partial
differential equations (1) and (2) taking into account
the diffusivities Dp from equation (8) and Dg from
equation (10) as well as the boundary conditions of
the concentration cp and cp of the dopants for the
respective process.

The values of the solubilities and the Arrhenius fits of
the diffusivities (Dpko, Dpro, 71p, Dp;) of the dopants phos
phorus and boron in silicon are determined by investiga
tions of the respective dopant profiles without counter
doping and in agreement with literature values, see [39].
With this model the joint in diffusion of both dopants can
be reproduced.

3. EXPERIMENTAL DETAILS
3.1. Sample preparation

(100) orientated, phosphorus doped n type and boron
doped p type float zone (FZ) and Czochralski (Cz) silicon
substrates with an area of 50 x 50 mm? are used to manu
facture doping samples. The FZ silicon substrates have a
thickness of 250 um, the Cz substrates 180 190 um.

The saw damage at the surfaces of the Cz silicon sam
ples is removed in a chemical polish (CP) [44 47] or in di
luted sodium hydroxide solution (NaOH) [47]. Afterwards
the samples are cleaned in diluted hydrochloric acid (HCI)
and diluted fluoric acid (HF) and undergo a RCA cleaning
[48,49]. The RCA cleaning consists of the steps SC1, HF,
SC2, HF. Before and after these immersions the samples
are rinsed in deionized water.

The samples receive a direct plasma enhanced chemical
vapor deposition (PECVD) of a SiO.N,B,:H layer, which
will be denoted as borosilicate glass (BSG) in the following
[50]. For this purpose an Oxford Instruments Plasmalab
100 System with silane (SiH,), nitrous oxide (N,O),
diborane (B,Hg), and hydrogen (H,) as precursor gases is
used. Diborane is diluted to 0.5% in hydrogen. The PECVD
BSG layer has an average thickness of 27 or 73 nm and a
boron concentration of (5+1)x 10*!em ™2, a silicon con
centration of (1.4+0.2) x 10?2 cm ™, and a refractive index
of 1.5 at a wavelength of 633 nm.

Some samples receive a silicon nitride layer (SiN,:H)
[50] which is deposited in the same PECVD system, to mask
the substrate against an in diffusion of phosphorus during a
high temperature step in a phosphorus diffusion furnace.
The SiNy:H layer has a thickness of 70 nm and a refractive
index of 2.0 at a wavelength of 633 nm.

The samples are heated in a Centrotherm horizontal
tube furnace at atmospheric pressure to diffuse boron
from the BSG layer into the silicon substrate. This diffu
sion step is carried out at temperatures of 850 1012 °C
for 100 min in nitrogen atmosphere (N,) in an oxidation
tube or in a phosphorus oxychloride diffusion tube
(POCl,).

3.2. Characterization

The thickness of the deposited layers is determined with a
Woollam V VASE ellipsometer [51] in the wavelength range
of 300 1000 nm. After the diffusion step, the borosilicate glass
layer is dissolved in dilute hydrofluoric acid with a concentra
tion of 0.5 to 25%. The concentration of boron, phosphorus,
and silicon of the dissolved BSG layer is determined by induc
tively coupled plasma spectrometry.

The sheet resistivity of the emitter is determined by means
of four terminal sensing [52]. The depth profile of the net
dopant concentration is determined by electrochemical ca
pacitance voltage (ECV) profiling [22,53] with a WEP
CVP21 wafer profiler. For selected samples the dopant pro
files are determined by secondary ion mass spectrometry
(SIMS) [22,54] using a Cameca IMS 4f spectrometer.

4. RESULTS

4.1. PECVD BSG emitter diffused-in in
nitrogen atmosphere

The depth profile cg(x) of a boron emitter, which is pro
duced by a borosilicate glass layer with a thickness of
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dpsg =73 nm on n type substrates, is shown in Figure 5 for
diffusion temperatures of 850 1012 °C for 100 min. With
rising temperature, the depth of the emitter increases. Its
boron concentration continuously declines from the sur

face. The surface concentration of the boron emitter
matches well the solubility of boron in silicon [55 58].
Therefore, the used borosilicate glass works as an unlim

ited diffusion source [59,60].

In Figure 6 the diftusivity of the dopant boron Dy obtained
by Boltzmann Matano analysis with equation (3) is
plotted against its concentration cg. It increases with rising
temperature. Furthermore, it increases in the extrinsic area
with rising boron concentration. It is fitted according to

equation (9) with
3.5eV cg) cm?
— {1l +—=] —. 11
o) () e

The determined diffusivity Dy matches values pre
sented in [55] and [61].

The profiles of the prepared emitters are well reproduced
by the simulation, see Figure 5. Deviations emerge mainly
because of a scattering of the produced emitters through
process inaccuracies.

D =28 exp(

4.2. PECVD BSG emitter with SiN,:H
capping layer

The BSG boron emitter profiles with and without SiN,:H
capping correspond well with each other. The boron con
centration is slightly reduced with a capping layer. When
the diffusion step is carried out in a phosphorus diffusion
tube, the phosphorus concentration in the substrate is less
than 1x 10" em™>.

Thus, PECVD BSG emitters can be produced with a sil
icon nitride capping layer. Also, the capping layer works as
a diffusion barrier and prevents a compensating in diffusion
of phosphorus into the silicon substrate, see also [62 66].

4.3. PECVD BSG without SiN,:H capping
layer in phosphorus diffusion

In this part of the investigation the in diffusion of phos
phorus during a conventional POCIl; diffusion into a
silicon substrate coated with a PECVD BSG layer without
a capping layer is determined. Here, silicon substrates
with a BSG layer and unmasked substrates are exposed
to a POCl; diffusion at a temperature of 832°C and a
duration of 44 min. With this process conventional phos
phorus profiles arise independently of the presence of a
BSG layer, revealing a high diffusivity of phosphorus in
the BSG.

The phosphorus depth profile, which occurs with and
without a PECVD BSG layer, is shown together with the re
spective simulated phosphorus profile in Figure 7. The depth
profile exhibits the kink and tail region usually observed for
a phosphorus diffusion. It is hardly affected by the BSG
layer. Furthermore, only small differences occur with and
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Figure 7. Depth profile of phosphorus after a POCI; diffusion
(T=832°C, t=44min) with a BSG layer (dgsg = 27 nm) and with
out it (symbols). The effective phosphorus concentration Cpe
determined by ECV measurements is plotted against the depth
in the substrate x. The sheet resistivity R, of the phosphorus pro
file with BSG layer is 58 Q/o and 56 Q/o without. Further, the sim
ulated profiles with and without BSG are shown for the active
phosphorus concentration cp, (continuous lines) and for the total
phosphorus cp and boron concentration cg (dashed lines).

without BSG layer, like a slight drop of the surface concen

tration and a slight reduction of phosphorus concentration
for concentrations below 1 x 10'® cm ™. The sheet resistivity
of the occurring phosphorus profile with BSG layer is about
10% higher than the resistivity without BSG layer.

The phosphorus profile with and without PECVD
BSG layer is well matched by the simulation. Further,
the simulation yields a completely compensated convex
boron profile, which is accompanied by a low diffusiv
ity of boron compared to phosphorus and a reduction
of the boron diffusivity in the kink region of the phos
phorus profile.

4.4. Boron diffusion from a PECVD BSG
without capping in a POCI; diffusion furnace

The in diffusion of the dopants during a PECVD BSG diffu
sion in a POCI; diffusion furnace is determined. Here silicon
substrates with a BSG layer and uncoated silicon substrates
undergo a high temperature step of 920 °C for 100 min in a
POCI; diffusion furnace. As process gas, nitrogen is used
without addition of POCl;. Yet the inner walls of quartz
tubes of the POCI; diffusion furnace are coated with PSG
by previous POCI; diffusions and serve as a phosphorus
source. Therefore, the BSG drive in process yields a phos
phorus profile, which exhibits a completely compensated
boron concentration. The high concentration of dopants
leads to a mutual reduction of the diffusivity and hence to
a convex boron profile.



The phosphorus concentration of a PECVD BSG layer is
determined to (2.5+0.5) x 10*' cm™? after a diffusion step
in a POCl; diffusion furnace, with its inner walls coated with
PSG by previous POCI; diffusions. The depth profiles of the
phosphorus and boron concentration with and without
PECVD BSG layer are shown in Figure 8 together with
the respective simulated depth profiles.

A phosphorus profile can be determined in case of a
diffusion with and without BSG layer. In the case of sam
ples without BSG layer the phosphorus profile has a much
higher sheet resistivity and a much lower surface concen
tration than a phosphorus profile arising at this temperature
with an addition of POCl;. The concentration of the phos
phorus profile emerging without BSG is much lower than
the one arising with BSG. It does not exhibit a kink region.

In the case of samples with BSG, the phosphorus profile
has a sheet resistivity much lower and a surface concentration
much higher than without BSG. Also there is a completely
compensated boron concentration besides the phosphorus
concentration in the substrate with BSG layer. The boron
concentration is much lower than the phosphorus concentra
tion and proceeds convex.

The simulation matches well the profiles of the phospho
rus and boron concentration with PECVD borosilicate glass.

The reduction of the concentration of the phosphorus
profile compared to a POCIl; diffusion at this temperature
without BSG and the steep concentration decrease of the
phosphorus profile close to the surface are consequences

Diffusion of BSG in POCI, diffusion furnace
without POCI, flow

Concentration [cm™]

Depth x [um]

Figure 8. Depth profile of phosphorus and boron after a diffu
sion step (T=920°C, t=100min) in a coated POClI; diffusion
furnace (no POCI; flow) with BSG layer (dgsg = 73 nm) and with
out. The total phosphorus cp and boron concentration cg with
BSG as well as the total phosphorus concentration without
BSG are plotted against the depth in the substrate x (SIMS mea
surement, symbols). The sheet resistivity R, of the partially
compensated phosphorus profile with BSG layer is 24 Q/o, the
one without BSG layer is 56 Q/o. Furthermore, the simulated
profiles of the total phosphorus and boron concentration with
BSG layer are shown (lines).

of the high boron concentration in this region, which
decreases the phosphorus diffusivity, see also [30,31].
The high boron concentration close to the surface forms
at the beginning of the diffusion step, when it is not yet
over compensated by phosphorus. Likewise the high
phosphorus concentration leads to a decrease of the boron
diffusivity, see also [28,29]. The decrease of the boron
diffusivity results in a convex boron profile, which is
much lower than in the case of an in diffusion without
phosphorus.

The boron concentration decreases steeply. This corre
sponds to a low diffusivity. Hence the phosphorus concen
tration, which decreases the boron diffusivity, is present
early and the diffusivity of phosphorus in the BSG layer
is high or phosphorus is taken up during heating up already,
see also subsection 5.2. The diffusivity in the BSG becomes
an important quantity for the profile of a BSG drive in step
(T>900°C) in a POCI; diffusion furnace. In contrast, the
diffusivity of phosphorus in the BSG layer does not limit
the formation of a phosphorus profile during a standard
POCI; diffusion (7'< 850°C), see Figure 7. This arises as
a result of the reduction of the phosphorus diffusivity by
the non compensated boron concentration at the beginning
of the drive in step.

The simulated boron profile shows a concentration
decrease with lower slope in the phosphorus tail region
compared to the experimental boron profile and so a higher
diffusivity of boron. This is seen as a result of the used pa
rameterization of the boron diffusivity. A more detailed
model of the boron diffusivity in general [61] and in this
case of an overcompensated emitter push effect [28,29]
taking into account the different diffusing species [38] is
expected to correct the inaccuracy.

5. DISCUSSION

5.1. Phosphorus uptake by borosilicate
glass

The use of a borosilicate glass layer on a silicon substrate
during a POCI; diffusion or a high temperature drive in
step in a POCI; diffusion furnace without any POCl; flow
leads to a simultaneous in diffusion of boron and phospho
rus into the silicon substrate. This happens because of the
boron concentration in the BSG layer, resulting in a low
glass transition and flow temperature of the BSG [40,41]
and with that in a high diffusivity of phosphorus. There
fore, a BSG layer does not work as a diffusion barrier for
phosphorus, unlike silicate glass without boron [62,63],
which has a much higher glass transition and flow temper
ature [40,41,67]. Thus phosphorus can diffuse from POCly
present in the diffusion furnace through the BSG layer into
the silicon substrate.

Furthermore, a BSG layer promotes an in diffusion of
phosphorus into a silicon substrate during a high tempera
ture step in a coated POCI; diffusion furnace. This takes
place by an enhanced phosphorus uptake from the
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atmosphere of the diffusion furnace compared to a bare
silicon substrate. Without the addition of oxygen, more
phosphorus is taken up in a borosilicate glass layer than
on a bare silicon substrate, as oxygen is needed for the for
mation of a PSG layer according to the reaction [22]

4POCl; + 3 0,2 P,05 + 6Cl,. (12)

In case of a BSG layer on the silicon substrate, oxygen
can be provided from the BSG. Furthermore, a borosili
cate or silicate glass layer exhibits compressive stress
[68]. The stress is reduced with increasing phosphorus
and boron fraction [69,70]. This also is assumed as a
reason for the uptake of phosphorus in a borosilicate and
silicate glass layer.

The used simple model of the diffusion of the two dop
ants, phosphorus and boron, matches well the results deter
mined experimentally for the different diffusion steps
investigated exemplarily. Nonetheless, the use of a more
detailed model of phosphorus [38,71 73] and boron dif
fusion [61,74] in the silicon bulk [36,76 78] but also of
the BSG layer and the uptake of the dopants from the
atmosphere of the diffusion furnace [33,60,79,80] is
expected to lead to an even better match of simulation
and experiment.

5.2. Diffusivity of the dopants in the
borosilicate glass layer

The diffusivity of the dopants in the borosilicate glass
layer has a large effect on their depth profiles generated
in the silicon substrate. To illustrate this, the simulated
depth profiles of phosphorus and boron are shown respec
tively in Figures 9 and 10 for different values of the

Simulated phosphorus depth profile -
arising from diffusion of BSG in POCI, furnace
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Figure 9. Simulated depth profile of phosphorus cp after a diffu

sion step (T=920°C, t=100min) in a coated POCI3 diffusion

furnace (no POCI5 flow) with BSG layer (dgsg = 27 nm). The dif

fusivity in the BSG layer Dgsg is varied with decimal power from
10 "®t0 10 ®cm?s.
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Simulated boron depth profile -
arising from diffusion of BSG in POCI, furnace
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Figure 10. Simulated depth profile of boron cg after a diffusion

step (T=920°C, t= 100 min) in a coated POCI5 diffusion furnace

(no POCI5 flow) with a BSG layer (dgsg = 27 nm). The diffusivity

in the BSG layer Dgsg is varied with decimal power from 10 20
t0 10 ®cm?s.

dlffllSlVlty of the dopants DBSG =DP in BSG =DB in BSG-
Here, the in diffusion of boron from a PECVD BSG layer
in a coated POCI; diffusion furnace is simulated according
to subsection 4.4.

The simulated depth profiles of phosphorus are shown
in Figure 9. For a low diffusivity of the dopants Dggg no
phosphorus enters the substrate. The BSG layer blocks
the diffusion completely. Starting at a certain diffusivity,
a depth profile of phosphorus arises in the substrate:
According to Figure 9 at Dpgg>10""°cm?/s at a BSG
layer thickness dgsg of 27 nm. With rising diffusivity a
depth profile with increasing concentration of phosphorus
develops. Figure 9 shows that from a certain high value
of the diffusivity, Dgsg>10""" cm?s, the diffusion pro
cess is no longer limited by the diffusivity in the BSG
layer. For a further rise of the diffusivity Dgsg the phos
phorus profile shows no heavier doping.

The simulated depth profile of boron is shown in
Figure 10. For a low diffusivity of the dopants Dgsg a
boron profile of shallow depth and low surface concen
tration emerges, as the diffusion of boron into the
silicon substrate is limited by the low diffusivity in the
BSG layer, in Figure 10 for Dggg=10"2"cm?s. For
increasing diffusivity heavier doped depth profiles of bo
ron with higher surface concentrations arise, in Figure 10
for Dpsg=10""" to 10 '®cm?s. With a higher
diffusivity the diffusion of phosphorus into the silicon
substrate leads to the emitter push effect, resulting in
much deeper boron profiles, in Figure 10 for
Dgsi>10"'5 cm?/s. For a further rising diffusivity, the
increasing phosphorus concentration leads to a reduction
of the boron diffusivity close to the surface of the silicon
substrate, yielding a convex depth profile of boron, in
Figure 10 for Dggg> 107" em?/s. With increasing diffu
sivity, the high phosphorus concentration is already



present early during the BSG drive in process, reducing
the diffusivity of boron in the silicon substrate already
at an early stage, and thus resulting in shallow depth pro
files of boron. In Figure 10 this is the case for
Dgsg=10""cm%s to 10~ 8 cm?/s.

A high diffusivity of the dopants in the PECVD BSG
layer Dgsg provides a high concentration of boron at the
surface of the silicon substrate, see Figure 10. Conse
quently, Dggg can be determined from the surface concen
tration of the dopants. For the dopant profiles Dggg is
estimated from 107" to 10710cm2/s, independent of the
phosphorus amount of the BSG layer [40]. This diffusivity
allows for a sufficient transport of the dopants to the sur
face of the substrate to work as an infinite doping source
in the case of the boron profile, see Figure 5, and the phos
phorus profile, see Figure 7.

5.3. Back contact solar cell

The simultaneous creation of differently doped regions in a
silicon substrate [80] can be used for the production of a
back contact solar cell [81] with a rear side p n junction
[82,83]. Through the simultaneous in diffusion of phospho
rus and boron [16] all necessary doped regions can be real
ized during only one high temperature step.

To demonstrate this, n type silicon substrates with a full
area BSG layer (dgsg=27nm) and a structured silicon
nitride layer (dsjn=70nm) as a diffusion barrier for phos
phorus on their rear side are prepared. During a sequential
diffusion (a boron drive in step with 77> 900 °C followed
by a POCI; diffusion step with 7< 850 °C) in a POCl;
diffusion furnace a p* emitter doped positively with

Cross section of back contact solar cell
with differently doped regions

Si

el o e

BSG
SiN_H

Figure 11. Sketched cross section of a silicon substrate (Si)
with differently phosphorus (n*, n**) as well as boron doped
(p*) regions for the fabrication of a back contact solar cell.
The rear side of the substrate is covered by a full area borosil
icate glass layer (BSG) and a structured silicon nitride layer
(SiN,:H) as diffusion barrier. Three differently doped regions
form during one BSG diffusion step in a coated POCI;3
diffusion furnace.

boron forms in the areas with SiNy:H layer, whereas in
the unmasked areas a n** BSF [3,84] heavily doped with
phosphorus, and on the front side of the substrate a n*
front surface field (FSF) [85] forms. The doping struc
ture of the silicon substrate produced like this is shown
in Figure 11.

The sheet resistivities and the doping profiles of the dif
ferent regions correspond to those of identically processed
full area silicon substrates. Also the results hold essentially
for p and n type substrates as well as for invertedly
masked structures. Average sheet resistivities of 39 Q/o
for the p* region, 19Q/o for the n™ region and 48 Q/o
for the n™ region were obtained.

The dopant profiles of the three regions can be further
optimized by applying a co diffusion step (a boron drive
in step with a POCI; flow starting at a certain time of the
step) in a coated POCI; diffusion furnace. Using the
developed model of the simultaneous diffusion of boron
and phosphorus, an adjustment of the BSG layer thick
ness and the process temperature and duration can be
carried out to obtain desired profiles for the three
regions.

6. CONCLUSION

This study reveals the interacting diffusion phenomena of
boron and phosphorus in silicon. Co diffusion processes
of boron and phosphorus through a BSG layer are investi

gated experimentally. Key findings are: An overlying BSG
layer does not prevent the formation of a phosphorus emit

ter in silicon substrates during phosphorus diffusion, and it
can even enhance the uptake of phosphorus into a silicon
substrate compared to a bare substrate.

Based on these findings and known models of the diffu
sivities of boron and phosphorus a model allowing for the
prediction of co diffused dopant profiles is presented.
Furthermore, a potentially industrially feasible process
to fabricate three diverse phosphorus n** , n™ , and boron
p* doped regions during one single high temperature step
is introduced for the production of highly efficient inter
digitated back contact silicon solar cells.
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