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ABSTRACT: Intrinsic hydrogenated amorphous silicon (a-Si:H) as surface passivation is an important part of 
heterojunction solar cells.  However, the temperatures used for the post-deposition fabrication of the heterojunction 
solar cells are limited by the thermal stability of the a-Si:H.  In this work, we investigate the thermal stability of the a-
Si:H as surface passivation on n-type wafers by annealing them at various temperatures.  The results indicate that the 
annealing temperature is the main factor that determines the thermal stability, while the annealing time also plays a 
role.   In comparison, the dependence on the deposition temperature is very small and can be neglected.  At a given 
annealing temperature, the level of degradation before stabilisation can be limited by restricting the annealing time, 
and stability is reached after two to three hours when the annealing temperature is less than 300°C.  At such 
temperatures, the amount of degradation is small, with final effective surface recombination velocities of ~20 cm/s.   
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1 INTRODUCTION 
 

Intrinsic hydrogenated amorphous silicon (a-Si:H) 
has been found to provide excellent surface passivation 
on crystalline silicon (c-Si) [1] and has been a key feature 
of high efficiency heterojunction solar cells [2, 3].  In 
addition, the focus has been on n-type heterojunction 
solar cells, as the a-Si:H/c-Si(n) structure is preferable to 
the converse [4] and has historically yielded higher cell 
efficiencies [1, 2, 5].  These have been achieved by 
depositing a-Si:H on n-type silicon using various types of 
plasma-enhanced chemical vapour deposition (PECVD) 
systems. 

However, amorphous silicon is well known to have 
problems with thermal stability [3, 6-11].  Previous 
investigations have shown that the a-Si:H in 
heterojunction cells do not degrade under light-soaking 
or at typical cell operating temperatures [3, 7].  However, 
temperatures can be much higher during post-deposition 
fabrication steps, and it is important that these 
temperature limitations are known in order to avoid and 
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].  However, in 
the case of surface passivation with a-Si:H, the focus is 
on the recombination at the a-Si:H/c-Si interface; the 
bulk of the a-Si:H is relatively insignificant as the 
generation of minority carriers in the latter and any 
injection of carriers from the c-Si can be neglected [1].  
As many of the previous studies have focused on 
amorphous silicon as the bulk material, they are not 
directly applicable to the case of a-Si:H surface 
passivation.   

Also, it was found that the abruptness of the a-Si:H/c-
Si interface affected the thermal stability characteristics 
of the surface passivation [12].  An abrupt interface is 
one where instant a-Si:H deposition on c-Si occurred 
without initial epitaxial growth.  According to De Wolf et 
al. [12], a-Si:H surface passivation that had an abrupt 
interface initially had very poor surface passivation after 
deposition, but improved to very good surface 
passivation with higher temperatures of annealing 
(~280°C).  Conversely, those that had initial epitaxial 
growth started with very good surface passivation after 

deposition, but degraded with higher temperatures of 
annealing. 

However, all of these previous studies in the thermal 
stability a-Si:H surface passivation have used different 
methods of deposition, deposition parameters or substrate 
materials to this work.  The thermal stability of the 
amorphous silicon can change with some of these aspects 
[6] and it was also suggested that some of the previous 
work may have inadvertently had initial or total epitaxial 
growth in their a-Si:H deposition [13].  The latter is not 
necessarily undesirable, as it was reported to be 
preferable for heterojunction solar cells [13].  However, 
the general concept for heterojunction solar cells regards 
abrupt interfaces as preferable [14]. 

Nonetheless, these factors would lead to different 
thermal stability characteristics of the surface passivation, 
and it is uncertain how applicable they are to the thermal 
stability of a-Si:H deposition on n-type silicon using 
microwave PECVD.  

The previous research highlight some key 
temperatures for a-Si:H, and we use these to determine 
the annealing temperatures that we use to test the thermal 
stability of the a-Si:H surface passivation.  At ~50°C, no 
apparent degradation occurs in the a-Si:H surface 
passivation [3, 7].  At temperatures around 200°C, the 
breaking of the Si-H bonds [8] is likely to cause 
degradation for samples with initial epitaxial growth or 
result in improvement for samples with an abrupt 
interface [12].  At temperatures above 340°C, epitaxial 
regrowth begins to occur, and this can lead to 
degradation in the electric properties of the a-Si:H/c-Si(n) 
interface [10].  From the a-Si:H layer, there is evolution 
of weakly bonded hydrogen at ~365°C, and evolution of 
strongly bonded hydrogen at ~696°C [8]. 

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

The thermal behaviour of the surface passivation and 
the lifetime behaviour of the samples are studied.  In 
addition, the activation energy for the thermal 
degradation is determined using Arrhenius plots.  The 



results indicate that the annealing temperature is the main 
factor that determines the thermal stability of the a-Si:H 
surface passivation.  At a given temperature, the level of 
degradation before stabilisation can be limited by 
restricting the annealing time.  In comparison, the 
dependence on the deposition temperature is very small 
and can be neglected. 

 
 

2 EXPERIMENTAL DETAILS 
 

Several batches of float zoned, 1 � cm, (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 Roth & Rau 
AK400 PECVD, which is a microwave PECVD system.  
The deposition parameters of the a-Si:H films were the 
same except for the different deposition temperatures 
(Tdepo) 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 the times of 
the depositions (tdepo) were 65 seconds. 

The final thicknesses of the wafers were around 240 
microns, and the deposited a-Si:H layers were around 50 
nm.  Thermal annealing was carried out in a N2 ambient 
at temperatures (Tann) of 200°C, 300°C, 330°C, 350°C 
and 450°C. 

The samples were then characterised at various 
annealing times (tann) using the quasi-steady-state and 
transient photoconductance lifetime testing techniques 
[15].  From these measurements, effective lifetimes (� eff) 
were obtained for a range (~1013–1017 cm-3) of excess 
carrier densities (� n).   

The effective surface recombination velocity (Seff) 
was calculated using the equation [16]: 
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with the ambipolar diffusion coefficient Da = 
(n+p)/(n/Dp + p/Dn), the wafer thickness W, and the bulk 
carrier lifetime of the n-type c-Si substrate � b.  An 
electron diffusion coefficient of Dn = 33.4 cm2/s and a 
hole diffusion coefficient of Dp = 10.3 cm2/s were used.  
For � b, only radiative and Auger recombination were 
considered.  To avoid any underestimation of the surface 
recombination velocity, it was assumed that no other bulk 
recombination mechanisms (e.g. via defects) were 
present. 

The values of Seff 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 Seff for the as-deposited films are 

shown in Figure 1.  They have an average value of 8.6 
cm/s, with one sample having a Seff as low as 2.4cm/s. 
This demonstrates that excellent surface passivation can 
be achieved on 1 � cm FZ c-Si(n) using a-Si:H films.  
Previously, very low effective surface recombination 
velocities of 7 cm/s were obtained on a higher wafer 

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

Despite keeping all deposition parameters constant, 
the Seff values measured on the several samples used at 
each deposition temperature are slightly different.  For a 
particular deposition temperature, the samples were not 
necessarily all processed together in the chemical steps or 
in the same PECVD run.  Thus, it is likely that such 
differences in the Seff are the result of experimental 
variability.  

 
Figure 1: Seff at � n = 1015

 cm-3 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 approximate 
� eff for the values of Seff at � n = 1015 cm-3. 

 
As shown in Figure 1, there is not a clear dependence 

of the as-deposited Seff on the deposition temperature.  
The optimum temperature appears to be 300°C, but the 
spread in the Seff from wafer to wafer is almost as large as 
the effect of the deposition temperature.  Therefore, it is 
unlikely that the deposition temperature will have a 
significant effect on the investigation of the thermal 
stability of the a-Si:H surface passivation. 

 
3.2 Initial response to annealing 

The behaviour of the surface passivation provided by 
the a-Si:H to the first 30 minutes of annealing at different 
temperatures is shown in Figure 2.  This behaviour is 
typical of all the samples used in the experiment 
irrespective of their deposition temperatures; but for 
simplicity, Figure 2 shows only the samples deposited at 
250°C.  We observe that the wafers with comparatively 
worse as-deposited surface passivation initially improve 
with annealing.  As a consequence, the spread in the Seff 
found for as-deposited wafers is practically removed after 
approximately 15 min of annealing.  Note, however, that 
no improvement was observed in the samples annealed at 
450°C; on the contrary, the surface passivation degraded 
very rapidly. 

In Figure 3, we show the behaviour of the surface 
passivation provided by the a-Si:H at annealing time of 
10 mins, which is within the time period of the observed 
initial improvements in the Seff

..  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 annealing times are 
considered. 

 
Figure 2: Seff at � n = 1015

 cm-3 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 approximate 
� eff for the values of Seff at � n = 1015 cm-3. 

 
Figure 3: Seff at � n = 1015

 cm-3 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 approximate 
� eff for the values of Seff at � n = 1015 cm-3.  

 
The initial improvements in the Seff for some of the 

samples show that annealing does not always result in 
degradation of the a-Si:H surface passivation.  Therefore, 
limited post-deposition thermal processing for making n-
type heterojunction solar cells can be beneficial, provided 
it is at moderate temperatures for a total time period of 
less than 15 mins.  Other researchers [10, 12] have found 
that Seff 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 the different 

deposition temperatures, while the different colours 
represent the different annealing temperatures.  Coloured 
dashed lines have been added to guide the eye for the 
different annealing temperatures. 

 
Figure 4: Seff at � n = 1015

 cm-3 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 the right 
gives the approximate � eff for the values of Seff at � n = 
1015 cm-3.  Dashed guiding lines have been added to 
highlight the trends at the different annealing 
temperatures. 
   

We observe in Figure 4 that the level of degradation 
is strongly dependent on the annealing temperature.  It is 
strongest and fastest at the annealing temperature of 
450°C, with Seff degrading to ~700 cm/s after only 30 
mins of annealing.  At temperatures lower than 350°C, 
the a-Si:H surface passivation degrades initially and then 
tends to stabilise to a final value.  As the temperature is 
reduced, the degradation is slower and the stable value is 
lower.  At 350°C and 330°C, the Seff increases to ~200 
cm/s and ~70 cm/s respectively after 180 mins, although 
full stability is not reached.  At 300°C and 200°C, the a-
Si:H surface passivation stabilises to ~23 cm/s and ~14 
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 an Seff value of 106 cm/s by 
~80 mins, while the samples at 350°C and 330°C will 
stabilise at ~470 cm/s and ~300 cm/s respectively after 
~50 hrs of annealing.  

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

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



with annealing.  Mitchell et al. [10] observed that the 
critical limit for the thermal stability of the a-Si:H surface 
passivation to be at ~340°C.   

Our results show that the a-Si:H surface passivation 
annealed at 330°C and 350°C tend to become stable over 
a period of time longer than 3 hrs.  Nevertheless, for 
maintaining good surface passivation by the a-Si:H, the 
temperature for further processing should preferably be 
low, less than 300°C. 

 
3.4 Injection level dependence 

The lifetime testing technique used gives information 
on the dependence of Seff on the excess carrier densities 
� n.  An example of this is shown in Figure 5(a).  The 
shape of the Seff vs. � n curve changes considerably for 
the first 120 mins of annealing. 

However, when thermally stability is reached, the 
values of Seff and the dependence of Seff on � n remains 
practically identical.  An example of this is shown in 
Figure 5(b), where the values of Seff are practically 
identical between 120 and 180 mins of annealing. 

 
Figure 5: Examples of the dependence of the Seff on the 
excess carrier density as-deposited and over 180 mins of 
annealing: (a) a sample showing the typical changes in 
the dependence over time, (b) a sample showing how the 
dependence does not change over a particular time period 
after it becomes thermally stable. 
 

While the Seff at � n = 1015 cm-3 does not show the 
complete change in the a-Si:H surface passivation over 
the annealing time, it is a sufficient indicator of the 

thermal stability of the a-Si:H surface passivation.  The 
changing shape of the curves in Figures 5(a) and 5(b) 
indicate a modification of surface defects or the creation 
of new ones at the interface between the c-Si wafer and 
the a-Si:H. 
 
3.5 Activation Energy 

From the Arrhenius plot of Seff as a function of 
inverse annealing temperature, the activation energy EA 
for the thermal degradation can be determined.  
Arrhenius plots were made for all the annealing times 
from 0 to 30 mins, and Figure 6 shows the plot for the 
case of 30 mins.  For annealing times in excess of 30 
mins, there was insufficient data for the extraction of EA.  
For all the samples, Seff 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 exponential fits 
to determine EA were, therefore, made for the data 
excluding that at Tann = 200°C.   

 
Figure 6: Arrhenius plot of the Seff in dependence of the 
inverse of the annealing temperature at the annealing 
time of 30 mins.  The top axis shows the corresponding 
Tann in °C, while the axis on the right gives the 
approximate � eff for the values of Seff at � n = 1015 cm-3.  
The dashed lines are linear fits for the data excluding that 
at Tann = 200°C.  The region where the EA changed from 
zero to the Arrhenius behaviour is labelled the “points of 
change in EA”. 
 

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

Nevertheless, when the process is repeated for other 
time intervals, different values of EA are found.  As 
shown in Figure 8, the extracted activation energy 
appears to decrease approximately linearly with the 
annealing time.  The fact that the extracted EA depends 
on the annealing time means that care must be taken 
when comparing different experimental determinations of 
EA.  Considering the typical behaviour during the first 30 
min of annealing shown in Figure 2, the most meaningful 
values of EA in our case are those corresponding to 20 to 



30 mins, that is, an activation energy of the order of -1 
eV. 

 
Figure 7: Extracted activation energy as a function of the 
deposition temperature. 

 
Figure 8: Extracted activation energy for different 
annealing times. 
 

The above observations support the conclusions 
drawn from Figure 4, that the thermal stability of the a-
Si:H surface passivation is strongly dependent on the 
annealing temperature and the annealing time, and not 
the deposition temperature of the a-Si:H. 

Also, the points of change in EA can be considered an 
indicator of the critical annealing temperature for the 
thermal stability of the a-Si:H.  Below this critical 
temperature for annealing, the a-Si:H surface passivation 
is generally stable, and above it, the a-Si:H surface 
passivation appears unstable and will continue to 
degrade.  The points of change in EA from the Arrhenius 
plots has approximately been 313°C, which supports the 
recommendation of this paper that temperatures should 
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 determined 
by lifetime measurements.  Samples with a negative EA 
(which degrade upon annealing) would have had initial 
epitaxial growth during the first stages of the a-Si:H 
deposition; only those with a positive EA (which improve 
upon annealing) would have abrupt a-Si:H/c-Si 
interfaces.  

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

Unlike the results of De Wolf et al., who used a 
constant annealing time of 30 mins, we observe from 
Figure 7 that there is little dependence of EA on the 
deposition temperature.  For the annealing time of 30 
mins, we obtain activation energies of approximately -1.2 
eV for deposition temperatures between 200°C and 
300°C.  According to De Wolf’s method, this negative EA 
would indicate that our samples had an initial epitaxial 
growth, but this is inconsistent with the excellent level of 
surface passivation shown by our as-deposited a-Si:H 
layers, comparable to or better than the samples with 
abrupt interfaces in De Wolf’s experiments.  Actually, 
over the range of annealing temperatures explored by De 
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 Wolf et al. needs to be 
extended to higher deposition and annealing temperatures 
before it may be applied to this work. 

The question of whether there had been initial 
epitaxial growth during the first stages of the a-Si:H 
deposition or possibly epitaxial regrowth from annealing 
in the a-Si:H surface passivation of this work would be 
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 a crucial part 
of n-type heterojunction solar cells.  However, the 
thermal stability of the a-Si:H places limitations on the 
temperatures that may be reached for subsequent 
processing steps in the fabrication of heterojunction solar 
cells. 

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



degradation and in some cases can improve the a-Si:H 
surface passivation.  At annealing temperatures �  300°C, 
the a-Si:H surface passivation appears to stabilise after 3 
hrs; at other annealing temperatures, the a-Si:H surface 
passivation is still unstable, but is likely to reach stability 
after a longer annealing time.   

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