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ABSTRACT: Intrinsic hydrogenated amorphous siliconS{ad) as surface passivation is an important pért o
heterojunction solar cells. However, the tempeestwsed for the post-deposition fabrication ofbterojunction
solar cells are limited by the thermal stabilitytioé a-Si:H. In this work, we investigate the that stability of the a-
Si:H as surface passivation on n-type wafers byalimg them at various temperatures. The resulicate that the
annealing temperature is the main factor that deters the thermal stability, while the annealingdialso plays a

role.

In comparison, the dependence on the déposemperature is very small and can be neglect&da given

annealing temperature, the level of degradatioorieeftabilisation can be limited by restricting tenealing time,
and stability is reached after two to three houtenvthe annealing temperature is less than 300AC.such
temperatures, the amount of degradation is smah, fimal effective surface recombination velocitief ~20 cm/s.
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1 INTRODUCTION

Intrinsic hydrogenated amorphous silicon (a-Si:H)
has been found to provide excellent surface patsiva
on crystalline silicon (c-Si) [1] and has been g feature
of high efficiency heterojunction solar cells [2. 3In
addition, the focus has been on n-type heterojancti
solar cells, as the a-Si:H/c-Si(n) structure idqrable to
the converse [4] and has historically yielded higbell
efficiencies [1, 2, 5]. These have been achievgd b
depositing a-Si:H on n-type silicon using varioysds of
plasma-enhanced chemical vapour deposition (PECVD)
systems.

However, amorphous silicon is well known to have
problems with thermal stability [3, 6-11]. Previou
investigations have shown that the a-SitH in
heterojunction cells do not degrade under lighksap
or at typical cell operating temperatures [3, Apwever,
temperatures can be much higher during post-déposit
fabrication steps, and it is important that these
temperature limitations are known in order to avaidi
minimise any degradation of the a-Si:H surface
passivation.

There have been many studies into the thermal

stability of amorphous silicon [1, 6, 8-12]. Hovesyin
the case of surface passivation with a-Si:H, tteugois
on the recombination at the a-Si:H/c-Si interfatiee
bulk of the a-Si:H is relatively insignificant a$et
generation of minority carriers in the latter andya
injection of carriers from the c-Si can be negldcig].
As many of the previous studies have focused on
amorphous silicon as the bulk material, they aré no
directly applicable to the case of a-Si:H surface
passivation.

Also, it was found that the abruptness of the &8t
Si interface affected the thermal stability chasgstics
of the surface passivation [12]. An abrupt integfdas
one where instant a-Si:H deposition on c-Si occlrre
without initial epitaxial growth. According to D&olf et
al. [12], a-Si:H surface passivation that had an abrupt
interface initially had very poor surface passivatafter
deposition, but improved to very good surface
passivation with higher temperatures of annealing
(~280°C). Conversely, those that had initial epabxi
growth started with very good surface passivatifiera

deposition, but degraded with higher temperatures o
annealing.

However, all of these previous studies in the ttarm
stability a-Si:H surface passivation have usededifit
methods of deposition, deposition parameters ocstsatie
materials to this work. The thermal stability dfet
amorphous silicon can change with some of thesectsp
[6] and it was also suggested that some of theiqusv
work may have inadvertently had initial or totaitagial
growth in their a-Si:H deposition [13]. The latisrnot
necessarily undesirable, as it was reported to be
preferable for heterojunction solar cells [13]. wéwver,
the general concept for heterojunction solar aelggrds
abrupt interfaces as preferable [14].

Nonetheless, these factors would lead to different
thermal stability characteristics of the surfacegpaation,
and it is uncertain how applicable they are tottre¥mal
stability of a-Si:H deposition on n-type siliconing
microwave PECVD.

The previous research highlight some key
temperatures for a-Si:H, and we use these to daterm
the annealing temperatures that we use to teshénmal
stability of the a-Si:H surface passivation. A6, no
apparent degradation occurs in the a-Si:H surface
passivation [3, 7]. At temperatures around 2001, t
breaking of the Si-H bonds [8] is likely to cause
degradation for samples with initial epitaxial gtbwor
result in improvement for samples with an abrupt
interface [12]. At temperatures above 340°C, eptax
regrowth begins to occur, and this can lead to
degradation in the electric properties of the &8Si(n)
interface [10]. From the a-Si:H layer, there isletion
of weakly bonded hydrogen at ~365°C, and evolutibn o
strongly bonded hydrogen at ~696°C [8].

In this work, we investigate the thermal stabibfya-
Si:H surface passivation on n-type silicon, depaksit
using a microwave PECVD system at various
temperatures. Thermal annealing is then carrigdabu
various temperatures and times to simulate possible
subsequent thermal processes in the fabrication of
heterojunction solar cells.

The thermal behaviour of the surface passivatiah an
the lifetime behaviour of the samples are studidd.
addition, the activation energy for the thermal
degradation is determined using Arrhenius plotshe T



results indicate that the annealing temperatutieeignain
factor that determines the thermal stability of #18i:H
surface passivation. At a given temperature, ¢iellof
degradation before stabilisation can be limited by
restricting the annealing time. In comparison, the
dependence on the deposition temperature is veajl sm
and can be neglected.

2 EXPERIMENTAL DETAILS

Several batches of float zoned, tm, (100), planar
n-type silicon wafers were saw-damage etched using
NaOH, RCA cleaned and then HF dipped prior to the
PECVD deposition. The same a-Si:H layer was
deposited on both sides of a sample using a Rothi& Ra
AK400 PECVD, which is a microwave PECVD system.
The deposition parameters of the a-Si:H films wie
same except for the different deposition tempeestur
(Tgepd OF 200°C, 250°C, 300°C and 400°C. A silane
flow of 30 SCCM and an argon flow of 30 SCCM were
used. The chamber was kept at 0.2 mbar and tfes tirf
the depositions {t,) were 65 seconds.

The final thicknesses of the wafers were around 240
microns, and the deposited a-Si:H layers were atd@m
nm. Thermal annealing was carried out in aasbient
at temperatures () of 200°C, 300°C, 330°C, 350°C
and 450°C.

The samples were then characterised at various
annealing times {t) using the quasi-steady-state and
transient photoconductance lifetime testing techesq
[15]. From these measurements, effective lifetifheg
were obtained for a range (#£010" cm® of excess
carrier densities (n).

The effective surface recombination velocity.{S
was calculated using the equation [16]:

Sw= D, Lo LW L L 1
[eff tb 2 Da [eff tb
with the ambipolar diffusion coefficientD, =

(n+p)/(n/D, + p/Dy), the wafer thickness W, and the bulk
carrier lifetime of the n-type c-Si substratg An
electron diffusion coefficient ob,, = 33.4 cr/s and a
hole diffusion coefficient oD, = 10.3 cri/s were used.
For ., only radiative and Auger recombination were
considered. To avoid any underestimation of thréasa
recombination velocity, it was assumed that no otk
recombination mechanisms (e.g. via defects) were
present.

The values of & were used to evaluate the thermal
stability of the a-Si:H layer surface passivation.

3 RESULTS

3.1 As-deposited a-Si:H films

The extracted & for the as-deposited films are
shown in Figure 1. They have an average value.®f 8
cm/s, with one sample having az3&s low as 2.4cm/s.
This demonstrates that excellent surface passivatim
be achieved on 1 cm FZ c¢-Si(n) using a-Si:H films.
Previously, very low effective surface recombinatio
velocities of 7 cm/s were obtained on a higher wafe

resistivity of 3.4 cm by Dauweet al. [1], also using a
microwave PECVD reactor.

Despite keeping all deposition parameters constant,
the S¢ values measured on the several samples used at
each deposition temperature are slightly differeRar a
particular deposition temperature, the samples wete
necessarily all processed together in the cherategls or
in the same PECVD run. Thus, it is likely that such
differences in the & are the result of experimental
variability.
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Figure 1: Siyat n = 10° cm?® of a-Si:H passivated 1
cm FZ c-Si(n) wafers deposited at 200°C, 250°C,

300°C and 400°C using a microwave PECVD. For

comparison, the axis on the right gives the appnasé

o for the values of Gat n=10°cm?.

As shown in Figure 1, there is not a clear depeoelen
of the as-deposited s on the deposition temperature.
The optimum temperature appears to be 300°C, but the
spread in the & from wafer to wafer is almost as large as
the effect of the deposition temperature. Thegefdris
unlikely that the deposition temperature will hase
significant effect on the investigation of the tmeit
stability of the a-Si:H surface passivation.

3.2Initial response to annealing

The behaviour of the surface passivation provided b
the a-Si:H to the first 30 minutes of annealinglifferent
temperatures is shown in Figure 2. This behavieur
typical of all the samples used in the experiment
irrespective of their deposition temperatures; ot
simplicity, Figure 2 shows only the samples depaist
250°C. We observe that the wafers with comparativel
worse as-deposited surface passivation initiallpriowe
with annealing. As a consequence, the spreadeirgth
found for as-deposited wafers is practically rentbaéter
approximately 15 min of annealing. Note, howevleat
no improvement was observed in the samples annaaled
450°C; on the contrary, the surface passivation atbgt
very rapidly.

In Figure 3, we show the behaviour of the surface
passivation provided by the a-Si:H at annealingetiof
10 mins, which is within the time period of the ebsed
initial improvements in the . If we consider the initial
improvements, the optimum deposition temperature
would be 300°C. However, we will show in the next



section that this dependence on the deposition
temperature is negligible when longer annealings$imre
considered.
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Figure 2: Siyat n = 10° cm?® of a-Si:H passivated 1
cm FZ c-Si(n) wafers deposited at 250°C and annealed

at 200°C, 300°C, 330°C, 350°C and 450°C. For

comparison, the axis on the right gives the appnaté

o for the values of Gat n=10°cm?.
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Figure 3: Siyat n = 10° cm?® of a-Si:H passivated 1
cm FZ c-Si(n) wafers annealed for 10 mins. For

comparison, the axis on the right gives the appnasé

o for the values of Gat n=10%cm?.

The initial improvements in thegfor some of the
samples show that annealing does not always réasult
degradation of the a-Si:H surface passivation. r&foee,
limited post-deposition thermal processing for makn-
type heterojunction solar cells can be benefigedyided
it is at moderate temperatures for a total timeaggeof
less than 15 mins. Other researchers [10, 12] foaved
that S¢ can improve significantly upon annealing.

3.3 Thermal stability

Figure 4 shows the change in surface passivation
provided by the a-Si:H layers over 180 mins of
annealing. The different symbols represent thiemift

deposition temperatures, while the different codour
represent the different annealing temperatures.oetl
dashed lines have been added to guide the eyéhédor t
different annealing temperatures.
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Figure 4: Siyat n = 10° cm?® of a-Si:H passivated 1
cm FZ c-Si(n) wafers deposited at 200°C, 250°C,
300°C and 400°C and annealed at 200°C, 300°C, 330°C,
350°C and 450°C. For comparison, the axis on tite ri

gives the approximatey; for the values of g at n =

10" cm® Dashed guiding lines have been added to
highlight the trends at the different annealing
temperatures.

We observe in Figure 4 that the level of degradatio
is strongly dependent on the annealing temperatliris.
strongest and fastest at the annealing temperatfire
450°C, with Q4 degrading to ~700 cm/s after only 30
mins of annealing. At temperatures lower than 850°
the a-Si:H surface passivation degrades initiafigt then
tends to stabilise to a final value. As the terapee is
reduced, the degradation is slower and the stableevs
lower. At 350°C and 330°C, theSincreases to ~200
cm/s and ~70 cm/s respectively after 180 minspalgh
full stability is not reached. At 300°C and 200°Ge &-
Si:H surface passivation stabilises to ~23 cm/s -ab4l
cm/s respectively after 120 to 180 mins.

Using the mathematical expressions of the guiding
lines in Figure 4, it is estimated that the samples
annealing at 450°C will reach agz¥alue of 16 cm/s by
~80 mins, while the samples at 350°C and 330°C will
stabilise at ~470 cm/s and ~300 cm/s respectiviéér a
~50 hrs of annealing.

As highlighted by the guiding lines in Figure 4eth
main factor that determines the thermal stabilftyhe a-
Si:H surface passivation is the annealing tempezatit
a given temperature, the level of degradation leefor
stabilisation can be limited by restricting the aalng
time. In comparison, the dependence on the déposit
temperature is very small and can be neglected.

These results are in agreement with the results of
Dauweet al.[1] for a-Si:H surface passivation on p-type
silicon, who found that the a-Si:H is thermallyld&aat
250°C and unstable at 375°C. An increase in the
degradation with higher annealing temperatures
corresponds well with the observation by Arendsal.
[11] that the structural disorder of the a-Si:Hreases



with annealing. Mitchellet al. [10] observed that the
critical limit for the thermal stability of the ai:8 surface
passivation to be at ~340°C.

Our results show that the a-Si:H surface passimatio
annealed at 330°C and 350°C tend to become stabie ove
a period of time longer than 3 hrs. Nevertheldss,
maintaining good surface passivation by the a-Sitte,
temperature for further processing should preferétd
low, less than 300°C.

3.4 Injection level dependence

The lifetime testing technique used gives inforoati

on the dependence ofsSon the excess carrier densities

n. An example of this is shown in Figure 5(a). eTh
shape of the § vs. n curve changes considerably for
the first 120 mins of annealing.

However, when thermally stability is reached, the
values of & and the dependence ofs®n n remains
practically identical. An example of this is shown
Figure 5(b), where the values ofxSare practically
identical between 120 and 180 mins of annealing.
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Figure 5: Examples of the dependence of the & the
excess carrier density as-deposited and over 186 afi
annealing: (a) a sample showing the typical chariges
the dependence over time, (b) a sample showingthew
dependence does not change over a particular &medy
after it becomes thermally stable.

While the $¢ at n = 10° cm® does not show the
complete change in the a-Si:H surface passivati@er o
the annealing time, it is a sufficient indicator thfe

thermal stability of the a-Si:H surface passivatiofhe
changing shape of the curves in Figures 5(a) amd 5(
indicate a modification of surface defects or theation

of new ones at the interface between the c-Si wafier
the a-Si:H.

3.5 Activation Energy

From the Arrhenius plot of & as a function of
inverse annealing temperature, the activation gnggg
for the thermal degradation can be determined.
Arrhenius plots were made for all the annealingem
from 0 to 30 mins, and Figure 6 shows the plottfor
case of 30 mins. For annealing times in exces30of
mins, there was insufficient data for the extractid E.
For all the samples, (s remained practically constant
(activation energy equal to zero) for a range of
temperatures up to ~313°C, and Arrhenius behaviour
commenced at higher temperatures. The exponditsial
to determine kK were, therefore, made for the data
excluding that at J,,= 200°C.
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Figure 6: Arrhenius plot of the & in dependence of the
inverse of the annealing temperature at the ammeali
time of 30 mins. The top axis shows the correspand
Tan I °C, while the axis on the right gives the
approximate ¢ for the values of G at n = 10° cm?®.
The dashed lines are linear fits for the data elnfy that
at T,,n= 200°C. The region where thg Ehanged from
zero to the Arrhenius behaviour is labelled theiripoof
change in .

As can be noticed in Figure 6, the slopes for déffié
deposition temperatures are very similar. The
corresponding activation energies are practicalg t
same, as shown in Figure 7; that is, B practically
independent of the deposition temperature.

Nevertheless, when the process is repeated for othe
time intervals, different values ofEare found. As
shown in Figure 8, the extracted activation energy
appears to decrease approximately linearly with the
annealing time. The fact that the extracteddepends
on the annealing time means that care must be taken
when comparing different experimental determinatioh
E.. Considering the typical behaviour during thetf88
min of annealing shown in Figure 2, the most megfuin
values of & in our case are those corresponding to 20 to



30 mins, that is, an activation energy of the orolierl
eVv.

Figure 7: Extracted activation energy as a function of the
deposition temperature.
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Figure 8: Extracted activation energy for different
annealing times.

The above observations support the conclusions
drawn from Figure 4, that the thermal stabilitytbé a-
Si:H surface passivation is strongly dependent loa t
annealing temperature and the annealing time, aid n
the deposition temperature of the a-Si:H.

Also, the points of change izEEan be considered an
indicator of the critical annealing temperature foe
thermal stability of the a-Si:H. Below this critica
temperature for annealing, the a-Si:H surface pagsn
is generally stable, and above it, the a-Si:H serfa
passivation appears unstable and will continue to
degrade. The points of change ig fEom the Arrhenius
plots has approximately been 313°C, which suppbss t
recommendation of this paper that temperaturesighou
only reach a maximum of 300°C during post-deposition
processing.

4 DISCUSSION

De Wolf et al. [12] proposed a method by which the
abruptness of the a-Si/c-Si interface may be deétemin
by lifetime measurements. Samples with a negdjye
(which degrade upon annealing) would have hadainiti
epitaxial growth during the first stages of the iddS
deposition; only those with a positivg, Bvhich improve
upon annealing) would have abrupt a-Si:H/c-Si
interfaces.

Nevertheless, the range of annealing temperatures
used in the work of De Wo#t al. were 120°C to 260°C,
whereas the annealing temperatures used in thi& wor
have ranged from 200°C to 450°C. In addition, thekwo
by De Wolf et al. was on p-type silicon and used a rf
PECVD system, which could have led to different a4Si
layers to this work. These differences suggest tia
method proposed by De Wadf al. might not be directly
applicable to our samples.

Unlike the results of De Wolgt al, who used a
constant annealing time of 30 mins, we observe from
Figure 7 that there is little dependence qf & the
deposition temperature. For the annealing time3@f
mins, we obtain activation energies of approximet&l2
eV for deposition temperatures between 200°C and
300°C. According to De Wolf's method, this negatite
would indicate that our samples had an initial ap#l
growth, but this is inconsistent with the excellevel of
surface passivation shown by our as-deposited H-Si:
layers, comparable to or better than the samplel wi
abrupt interfaces in De Wolf's experiments. Aclyal
over the range of annealing temperatures exployeldeb
Wolf et al. our samples show a zero activation energy.

The results of this work and the method proposed by
De Wolf et al. are not necessarily incompatible despite
the many differences in the processing parameters.
However, the method by De Wo#t al. needs to be
extended to higher deposition and annealing terhjpes
before it may be applied to this work.

The question of whether there had been initial
epitaxial growth during the first stages of the iddS
deposition or possibly epitaxial regrowth from aalirey
in the a-Si:H surface passivation of this work vebble
best resolved by taking a HRTEM of the a-Si:H/c-Si
interfaces of the samples. Unfortunately, such a
measurement could not be made by the time of
publication.

5 CONCLUSION

Hydrogenated amorphous silicon provides excellent
surface passivation on n-type silicon, and is @iafpart
of n-type heterojunction solar cells. However, the
thermal stability of the a-Si:H places limitations the
temperatures that may be reached for subsequent
processing steps in the fabrication of heterojamctolar
cells.

In this work, we have shown that the degradation in
the surface passivation provided by the a-Si:H di¢pd
by microwave PECVD is strongly dependent on the
temperature used for further processing, while the
deposition temperature of the a-Si:H layers thewvesel
makes little difference. The rate of degradatimreéases
as the annealing temperature increases. Initiaaing
for time periods less than 15 mins causes little



degradation and in some cases can improve theHa-Si:
surface passivation. At annealing temperatur890°C,
the a-Si:H surface passivation appears to stalafies 3
hrs; at other annealing temperatures, the a-Sirfacel
passivation is still unstable, but is likely to chastability
after a longer annealing time.

Importantly, the final, stable level of surface
passivation varies greatly with annealing tempeeatu
Thus, it is recommended that the times for further
processing steps should be short, and the tempesatu
should only reach a maximum value of 300°C, withrev
lower temperatures preferable.
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