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ABSTRACT

We present emitter saturation current densities (Jog) of
different types of BBrs furnace-diffused boron emitters for
a range of different sheet resistances on planar an tex-
tured surfaces: (a) “oxidized” emitters with an extended
drive-in phase under oxygen and (b) “industrial” emitters
without such additional drive-in step. Upon passivation
with amorphous silicon — silicon nitride (a-Si/SiNx) stacks
on planar surfaces we measure the Jos as a function of
annealing time at 500 and 600°C respectively. The oxi-
dized boron emitters show thermal stability up to 600°C
with a stable JOE of 13 + 2 fA/cm? for 90 Q/o. This is com-
parable to p* emitter performance after passivation by
ALD-deposited Al;Os. The’ |ndustr|al type” 90 Q/o emitter
shows a Joe of 47 + 5 fA/cm? after annealing at 600°C due
to a higher boron surface concentration and enhanced
recombination within the emitter volume. Our a-Si/SiNx
passivated emitters on textured surfaces exhibit about
50% higher Joe values than emitters on planar surfaces,
which corresponds well with the increased area of the
KOH-textured wafers.

INTRODUCTION

BBr3 boron diffused p*-emitters on n-type silicon are suit-
able for the fabrication of high efficiency solar cells [1]. Cz
n-type material features some advantages in comparison
to p-type material in terms of higher minority carrier life-
times [2,3] and no degradation of the carrier lifetime due
to boron-oxygen complexes [4]. Nevertheless n-type ma-
terial is little spread in industrial production, most probably
due to the lack of industrial applicable p*-emitter passiva-
tion techniques and the technological complexity of the
boron diffusion process which might lead to bulk lifetime
reduction for a certain set of process parameters [5,6].
Recently there has been a lot of investigations regarding
different passivation schemes on p'-type emitters show-
ing good passivation qualiy for boron- and also aluminum-
doped emitters: Chen [7] (SiNx), Altermatt [8] (a-Si,SiO2)
and Plagwitz [9] (a-Si/SiNx) showed different techniques
which result in emitter saturation current densities compa-
rable to n'-type emitters. Latest publications on passiva-
tion schemes for boron emitters from Hoex et al., Schmidt
et al. [10,11] (Al2O3), and Mihailetchi [12] (chemical SiO>)
show excellent passivation quality. However, the different
published values for emitter saturation current densities
are difficult to compare between each other, as the cor-

responding emitter profiles are not shown in some cases.
Annealing at temperatures above 350°C, 400°C [8],
425°C [11] and 450°C [7] is necessary in order to reach a
good surface passivation. A possible explanation for the
need of the annealing step is the diffusion of hydrogen to
the silicon interface and a saturation of the dangling
bonds for H, containing dielectrics. Also for the negatively
charged plasma deposited dielectric Al,O3 an annealing
step is indispensable in order to achieve an optimum sur-
face passivation [13]. All of these passivation schemes
have been investigated on planar surfaces and systematic
data about textured p*-type emitters are — to the authors’
knowledge - not available in literature. Ménch [14] showed
the dependence of a-Si passivation quality on the crystal-
lographic orientation of the silicon substrate and found
increased passivation quality for <111> oriented material.
Si wafers cut along the <100> plane can be etched in
KOH to obtain a surface texture of random pyramids with
<111> oriented facets. Consequently, one should expect
a very high surface passivation quality by a-Si locally on
the facets of the texture pyramids. This benefit might be
slightly mitigated by the enhanced surface area of tex-
tured samples and thus the overall (“macroscopic”) sur-
face passivation quality could be expected to be essen-
tially identical for planar and textured samples. However,
a recent publication of Mcintosh et al. [15] summarizes
studies comparing passivated planar and textured n’-type
emitter and shows that the ratio of measured surface-Joe
values ranges between 0.5 and 10 for the different sur-
face topographies.

In this work we investigate the passivation quality of an a-
Si/SiNx double layer stack for passivating textured and
planar BBr; furnace-diffused emitters of two types: (a)
“oxidized” emitters with an extended drive-in phase under
oxygen and (b) “industrial” emitters without such addition-
al drive-in step. We investigate the thermal stability of the
planar emitters and provide data of the saturation current
density Joe as a function of emitter sheet resistance for
textured surfaces.

EXPERIMENTAL

To analyze the effect of different emitter profile characte-
ristics and silicon surfaces we diffuse boron |nto n-type
wafers in order to prepare symmetrical p’np*-samples.
We use 125x125 mm? <100> oriented Cz n- type material
with a bulk resistivity of 6-9 Qcm. Parts of the samples are
textured in a KOH-IPA solution. For all samples the boron
emitter is prepared by a BBr3; boron diffusion. We vary the



emitter sheet resistance by varying the drive-in diffusion
temperature between 850 and 970°C holding all other
diffusion parameters constant. Half of the boron-diffused
planar samples are oxidized under water steam atmos-
phere directly after the boron diffusion process at 1000°C
for 60min without removing the boron silicate glass
(BSG). We call these emitters, that were prepared with
this additional oxidizing drive-in step “oxidized” emitters.
Similarly to the planar samples, half of the textured sam-
ples receive a high temperature drive-in treatment at
1000°C under N2 and dry O, atmosphere for 60 and
30min, respectively. However, in case of the textured wa-
fers we removed the BSG with HF prior to the oxidizing
drive-in step. The initial 60 min nitrogen process step for
creating “oxidized” emitters on textured surfaces is done
in order to achieve deep diffusions, but only little depletion
from boron segregation into the SiO.. For simplicity, we
will from hereon refer to all boron emitters prepared with
post-diffusion oxidation as “oxidized emitters”. As such
additional post-diffusion high-temperature step does not
appear to be desirable for industrial production, we refer
to the non-oxidized emitters by the term “industrial type

emitter”. Figure 1 shows the resulting characteristics of
both emitter types measured by the
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Figure 1 Emitter profiles of oxidized and industrial
type emitter for planar samples with a sheet resis-
tance of 90 £ 2 Q/o measured by the ECV method
[16]- The symmetric sample structure is shown in the
inset.

electrochemical capacitance voltage (ECV) method [16].
The sample structure - measured by means of scanning
electron microscopy (SEM) — is shown in the inlet of Fig-
ure 1. The emitter profiles yield a sheet resistance of 90 +
2 Q/o but differ in terms of surface and peak concentra-
tion as well as junction depth. Despite of the identical
sheet resistance, the overall amount of electronically ac-
tive boron atoms for the industrial type emitter is 1.33-10"
and only 8.61-10" [cm'z] for the oxidized emitter. This is
due to the variation in hole mobilities [17] for different hole

concentrations. As these emitters are still “transparent
emitters” (diffusion length longer than depth of the emitter)
we can already conclude that even for perfect surface
passivation the 1.54-times higher number of majority
charge carriers in the industrial emitter leads to en-
hanced Au%er recombination within the emitter volume:
Rauger ~ n'p"= n-Nacc® [18]. Furthermore, the shallow, but
locally heavier doped industrial type emitter causes
stronger band-gap narrowing and thus higher effective
intrinsic charge carrier density nje, Which also leads to
increased recombination.

Prior to a-Si deposition the samples are laser cut to 40x40
mmz, received an RCA clean and are rinsed in deionized
water. Amorphous silicon is then deposited onto both
sides of the sample by PECVD at a temperature of 225°C
[19]. The resulting layer thickness is 10 £ 1 nm as meas-
ured by ellipsometry on a planar glass reference. For the
enhanced surface area of the textures samples we expect
locally an a-Si thickness of 7nm, which is still sufficient to
provide excellent passiviation [9]. Subsequently, we de-
posit SiNx with an refractive index of 2.05 and a thickness
of 100 £ 10 nm onto both sides of the wafer at a tempera-
ture of 400 °C by PECVD (SiNA, Roth and Rau). Gatz et
al. have shown previously, that the SiN deposition tem-
perature of 400 °C ensures high thermal stability of the
passivation quality of the a-Si/SiNx stack on p-type silicon
wafer substrates and on phosphorus diffused n-type emit-
ters [19].

After passivation, the emitter saturation current densities
are measured by means of quasi-steady state and tran-
sient photoconductance (PC) measurements [20,21]. The
emitter saturation current density is determined by the
Kane-Swanson method [22] for symmetrical samples. We
assume an intrinsic carrier density of n=10"%in the bulk of
the wafer and use the Auger-parameterization of Kerr et
al. [23] in order extract the Joe values. Samples are then
annealed on a hotplate at 500°C for different durations up
to 15 minutes. After each of these annealing steps we
measure the emitter saturation current density. After-
wards, we anneal our samples at 600°C for 45 minutes
and measure the Joe value again.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 2 shows emitter saturation currents densities of
two symmetric samples with planar surfaces determined
by means of quasi steady state and transient PC mea-
surements.
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Figure 2 Emitter saturation current density Joe of two
planar samples with characteristically different emit-
ter profile (see Figure 1). Joe is plotted as a function
of annealing time at 500 and 600°C. The symetric
sample structure as well as the surface structure
(SEM image) is shown in the inset. The lines are
guides to the eye, only.

After passivation the oxidized emitter shows a low Joe of
20 + 2 fA/cm® whereas the industrial type emitter shows a
value of 38 + 4 fA/cm?. Optimum passivation quality is
achieved in both cases by annealing the sample at 500°C
for 5 min: 11 + 1 fA/lcm? and 30 + 3 fA/cm? respectively.
The improvement of the passivation is assumed to be due
to diffusion of hydrogen to the a-Si/Si interface where it
saturates dangling bonds [9]. Note that the SiN is an effi-
cient source of hydrogen in addition to the hydrogen with-
in the a-Si. We find that annealing at lower temperatures
(400 and 450°C) also results in increased passivation
quality but the effect is less pronounceed than at 500°C.
Interestingly, the two types of samples react differently
upon further annealing at 500°C: The saturation current
density Joe of the oxidized emitter remains constant or
even slightly profits from annealing additional 10 minutes
at 500°C (cumulative annealing time 15 minutes). In con-
trast, the Joe of the “industrial type” emitter with higher
surface dopant density increases, that is it becomes
worse upon further annealing at 500°C. This effect may
be explainable in terms of lower silicon-hydrogen bonding
stability in a-Si films that are in contact with heavily p-type
doped material as was shown by De Wolf and Kondo [24].
Annealing at 600°C results in further Joe increase of the
industrial type emitter. In contrast to this, the passivation
quality of the oxidized emitter stays essentially constant.
We find the same phenomenology also for the other emit-
ters of our investigation (not shown in Figure 2):
e General improvement of the passivation quality and
thermal stability of the oxidized emitter with mod-
erate surface doping densities

e Joe improvement only in the initial phase of anneal-
ing and Joe increase (degradation) upon further an-
nealing for the “industrial type” emitter with high sur-
face doping concentration.

Our results differ significantly to the results shown by Gatz
et al. on n-type surfaces: Gatz et al. observed degradation
of the passivation quality on phosphorus diffused n-type
emitters with sheet resistance of 90 Q/o n'pn*, yielding
appr. 200 fAlcm? after annealing at 600°C. The reasons
for these contrasting results are not yet clear. The compa-
ratively low thermal stability observed by Gatz et al. on n-
type surfaces and our relatively stable Jog values on p-
type surfaces may contradict attempts to explain the an-
nealing (thermal) stability of the a-Si passivation in terms
of the lower Si-H bonding stability for a-Si films in contact
with heavily doped p-type silicon [24].

We have also done Joe measurements on textured sam-
ples and find that the Joe characteristics as a function of
annealing time and temperature is similar to the Joe cha-
racteristics of the planar emitters shown in Figure 2.
Therefore we use these optimum annealing conditions
(500°C for 5 minutes) for annealing our textured samples.
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Figure 3 Emitter saturation current density Joe of
textured samples of industrial type and oxidized
emitters as a function of sheet resistance before and
after annealing for 5 min at 500°C. A SEM image of
the sample surface is shown in the inset of Figure 3.
The lines are guides to the eye, only.

Figure 3 shows Joe values of symmetric textured samples
before and after annealing for 5min at 500°C, plotted as a
function of sheet resistance. Again a SEM image of the
surface is shown in the inset of Figure 3. The Joe values
for both types of emitters (“oxidized” and “industrial type”)
decrease (improve) upon annealing at 500°. For all sheet
resistances, the oxidized emitter shows lower Jog values,
as was also found for the planar samples. In both cases



the low Joe values allow to conclude that the a-Si/SiNx
stack shows excellent passivation quality on textured sur-
faces as well. The Joe values are slightly higher compared
to Jog values of planar emitters with similar sheet resis-
tance (not shown in Figure 3). This slightly higher Joe val-
ues for textured samples can be explained by an increas-
ing number of edges and vertices for a textured surface
and is in accordance with other experimental observations
summarized by McIntosh and Johnson [15].

Figure 4 shows a summary of different passivation
schemes on boron emitters published by Schmidt et al.
[25] including values from this work for a-Si/SiNx passi-
vated oxidized boron emitters on planar and textured sur-
faces after annealing at 500°C for 5 min.
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Figure 4 Emitter saturation current density Joe for a-
Si/SiNx passivated oxidized boron emitters on planar
and textured surfaces from this work. Values for
differrent passivation schemes of planar boron emit-
ters as a function of sheet resistance published by
Schmidt et al. [25] are included into Figure 4 for
comparison. The lines are guides to the eye, only.

The corresponding emitter profiles for the presented Joe
data from Schmidt et al. in Figure 4 only differ slightly
from the emitter characteristics of the “oxidized emitter”
we present in this paper: Their emitters feature higher
surface doping concentrations (factor 1.25 - 2), lower
peak doping concentrations (factor 0.65 — 0.85) and a
higher junction depths (factor 1.2 — 1.4) for emitters with
comparable sheet resistance. Therefore, the emitter vo-
lume recombination is comparable for emitters of the
same sheet resistance for both investigations. As the Joe
summarizes emitter volume and emitter surface recombi-
nation, we are able to compare the emitter surface re-
combination of Schmidt et al. to the emitter surface re-
combination of samples from this work: We conclude that
the emitter surface recombination of the a-Si/SiNx passi-
vated oxidized boron emitters from this work might differ
from the emitter surface recombination of ALD-Al>O3 pas-

sivated boron emitters from Schmidt et al., but — in both
cases — can be considered negligible.

SUMMARY

We present excellent saturation current densities Joe of
planar and textured boron diffused p-type emitters with
passivation by a-Si/SiNx stacks, which are comparable to
atomic layer deposited (ALD) Al,Os; passivation: The Joe
values of our a-Si/SiN passivated boron emitters de-
crease upon annealing at 500°C and the optimum anneal-
ing time was found to be approximately 5min. Upon an-
nealing at 600°C Joe values of the industrial type emitter
increase in contrast to the thermally stable “oxidized emit-
ters”. We associate this effect of different thermal stability
with a higher surface doping concentration. Out diffusion
of hydrogen and the possibility of crystallization of the
amorphous silicon layer at elevated temperatures appear
to be probable mechanisms for the degradation of the
passivation.
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