EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Deposition temperature dependence of material and Si
surface passivaion properties of O3-based atomic layer
deposited Al203-based films and stacks

Citation for published version (APA):

Bordihn, S., Mertens, V., Miller, J. W., & Kessels, W. M. M. (2014). Deposition temperature dependence of
material and Si surface passivaion properties of O3-based atomic layer deposited Al203-based films and stacks.
Journal of Vacuum Science and Technology A, 32, 01A128-1/7. https://doi.org/10.1116/1.4852855

DOI:
10.1116/1.4852855

Document status and date:
Published: 01/01/2014

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 17. Nov. 2023


https://doi.org/10.1116/1.4852855
https://doi.org/10.1116/1.4852855
https://research.tue.nl/en/publications/d503067e-a262-442e-a257-441edd84d29f

Journal of Vacuum Science & Technology A

Deposition temperature dependence of material and Si surface passivation properties
of O3-based atomic layer deposited Al203-based films and stacks
Stefan Bordihn, Verena Mertens, Jorg W. Muller, and W. M. M. (Erwin) Kessels

Citation: Journal of Vacuum Science & Technology A 32, 01A128 (2014); doi: 10.1116/1.4852855

View online: http://dx.doi.org/10.1116/1.4852855
View Table of Contents: http://scitation.aip.org/content/avs/journal/jvsta/32/1?ver=pdfcov
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing

@ Re-register for Table of Content Alerts

7

Create a profile. Sign up today!



http://scitation.aip.org/content/avs/journal/jvsta?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1842848909/x01/AIP/HA_Pub2Web_ReregisterToCalert_AVS_CovPg_1640x440_10_2013/avs_aipToCAlerts.png/7744715775302b784f4d774142526b39?x
http://scitation.aip.org/search?value1=Stefan+Bordihn&option1=author
http://scitation.aip.org/search?value1=Verena+Mertens&option1=author
http://scitation.aip.org/search?value1=J�rg+W.+M�ller&option1=author
http://scitation.aip.org/search?value1=W.+M.+M.+(Erwin)+Kessels&option1=author
http://scitation.aip.org/content/avs/journal/jvsta?ver=pdfcov
http://dx.doi.org/10.1116/1.4852855
http://scitation.aip.org/content/avs/journal/jvsta/32/1?ver=pdfcov
http://scitation.aip.org/content/avs?ver=pdfcov

@CrossMark

Deposition temperature dependence of material and Si surface passivation
properties of Oz-based atomic layer deposited Al,Os-based films and stacks

Stefan Bordihn®
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands and Hanwha Q CELLS GmbH, Sonnenallee 17-21, 06766 Bitterfeld-Wolfen, Germany

Verena Mertens and Jorg W. Mdller
Hanwha Q CELLS GmbH, Sonnenallee 17-21, 06766 Bitterfeld-Wolfen, Germany

W. M. M. (Erwin) Kessels®
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

(Received 22 October 2013; accepted 6 December 2013; published 26 December 2013)

The material composition and the Si surface passivation of aluminum oxide (Al,03) films prepared
by atomic layer deposition using AI(CH3); and O3 as precursors were investigated for deposition
temperatures (Tpep) between 200 °C and 500 °C. The growth per cycle decreased with increasing
deposition temperature due to a lower Al deposition rate. In contrast the material composition was
hardly affected except for the hydrogen concentration, which decreased from [H] =3 at. % at
200°C to [H]<0.5 at. % at 400°C and 500°C. The surface passivation performance was
investigated after annealing at 300 °C—450°C and also after firing steps in the typical temperature
range of 800°C-925°C. A similar high level of the surface passivation performance, i.e., surface
recombination velocity values <10cm/s, was obtained after annealing and firing. Investigations of
Al,O3/SiN, stacks complemented the work and revealed similar levels of surface passivation as
single-layer Al,O5 films, both for the chemical and field-effect passivation. The fixed charge
density in the Al,O3/SiN; stacks, reflecting the field-effect passivation, was reduced by one order
of magnitude from 3-10"?cm 2 to 3-10"' cm™? when Tpep was increased from 300 °C to 500 °C.
The level of the chemical passivation changed as well, but the total level of the surface passivation
was hardly affected by the value of Tp.p. When firing films prepared at of low Tpep, blistering of
the films occurred and this strongly reduced the surface passivation. These results presented in this
work demonstrate that a high level of surface passivation can be achieved for Al,Os-based films
and stacks over a wide range of conditions when the combination of deposition temperature and

annealing or firing temperature is carefully chosen. © 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4852855]

. INTRODUCTION

Aluminum oxide (Al,O3) thin films prepared by atomic
layer deposition (ALD) or plasma enhanced chemical vapor
deposition (PECVD) have been identified as a high quality
surface passivation material for p-type surfaces of Si solar
cells." The excellent passivation performance can be attrib-
uted to a high level of chemical and field-effect passivation.
The latter is generated by a high negative fixed charge den-
sity in the Al,O5 films.>™ An important process parameter
for the preparation of high quality Al,O5 films is the deposi-
tion temperature as previously established for films grown in
ALD processes with an O,-plasma as oxidant,>® with H,O
(Ref. 7) and for films grown by PECVD processes.®” So far,
no systematic study has appeared that addresses the relation
between material properties and surface passivation perform-
ance of Al,Os films grown in ALD processes with O3 as oxi-
dant. O3 can be beneficial over alternative oxidants such as
H,O due to its higher reactivity. Furthermore, it is more

®Electronic mail: s.bordihn2@g-cells.com
YElectronic mail: w.m.m.kessels@tue.nl
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straightforward to implement an Os-based ALD process in
high throughput batch reactors than ALD processes based on
O, plasma. Apparently, the availability of high throughput
deposition equipment is an essential requirement for the
implementation of ALD Al,O3 processes in manufacturing
lines of Si solar cells.

In this work, the Si surface passivation performance and
material properties of Al,O3 films deposited by AI(CHj3)3
and O; as precursor and oxidant were studied while address-
ing the influence of the deposition temperature in particular.
These studies are relevant as the surface chemistry and the
substrate oxidation by the Os-based process is quite differ-
ent from ALD processes based on H,O or O, plasma as
oxidants.'"®'* This might have implications for the surface
passivation performance of the Al,Os films as well as its
temperature dependence. First, the composition and material
properties of the Al,O3 films were compared with those pre-
pared by ALD processes using H,O and an O,-plasma as
oxidants. Second, the surface passivation performance of
the AL,O; films was investigated after annealing and firing.
In particular, the influence on the field-effect passivation
was addressed by analyzing the films by corona charging

© 2014 American Vacuum Society 01A128-1
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FiG. 1. (Color online) Schematic illustration of effective surface recombina-
tion velocity Sefrmax as @ function of deposited corona charge density Q¢ for
a passivation material with negative fixed charge incorporated. Indicated are
the corresponding energy band conditions, i.e., inversion, depletion, and
accumulation.

experiments. The study is complemented by results on
Al,O3/SiN, stacks, which are considered because previous
studies reported a higher level of surface passivation after
firing when using Al,O3/SiNy stacks instead of single-layer
ALO; films."* From the systematic studies, the relation
between the material properties and the surface passivation
performance of Al,Os5 films is discussed.

Il. EXPERIMENT
A. Sample preparation

Czochralski (Cz) grown n-type Si wafers (12.5 X
12.5cm?) were used as substrates with a thickness of 180 um
and a resistivity of 2-4 Q-cm. The wafers were cleaned in a
KOH based wet chemical solution to remove the saw damage
before carrying out a standard Radio Cooperation of America
cleaning procedure. The Al,O; films were deposited simulta-
neously on both sides of the wafers during 330 ALD-cycles
by using Al(CH3); and O3 as precursor and oxidant, respec-
tively. The dosing and purge times were 1s—3s-3s—6s for
Al(CHj3);—purge—Os—purge, respectively. The cycle time was
13s in total. The deposition temperature (Tpe,) Was varied
between 200 °C and 500°C. The Tp,, refers to the set tem-
perature of the reactor walls of the hot wall reactor. A 30 min
time interval has been employed between loading the wafers
in the reactor and the start of the ALD process to allow for

Corona charging method

(i) Corona charging i

l lonization of 7,
air molecules

(ii) Surface voltage analysis
i Sample
|

(iii) Lifetime measurements

Corona charging setup

Tungsten needle

01A128-2

equilibration of wafer temperature. On half of the wafer set,
SiNy films were deposited at 350°C in a PECVD process
using a linear microwave plasma source. The SiNj films were
also deposited on both wafer sides to create a symmetric sam-
ple structure.

The surface passivation performance of single-layer
Al,O5 films and Al,O3/SiN, stacks was determined after
annealing and after firing. For the single-layer Al,O3 films
annealing was carried out at temperatures (7' annea1) between
300°C and 450°C for 10min in N, ambient. The surface
passivation was analyzed only for Tanneai > Tpep- The firing
step was carried out at a peak temperature (TFiring) between
850°C and 925°C for several seconds. The Al,O3/SiNy
stacks were either annealed at 400 °C or fired at 850°C, i.e.,
no investigations at other temperatures were carried out. The
firing step was used to mimic the thermal budget of the metal
contact formation process of industrial-type Si solar cells.

B. Material analysis

The film thickness was determined by spectroscopic
ellipsometry for films deposited on float zone (Fz) Si wafers
(12.5 x 12.5 cm?) with shiny etched surfaces. These samples
were prepared similarly as the films deposited on the Cz Si
wafers. The atomic composition of the films was analyzed
by the combination of Rutherford backscattering spectros-
copy (RBS) and elastic recoil detection. From the film thick-
ness, the growth per cycle (GPC) and the film thickness
nonuniformity (dpax — almin)/(Z~daverage)15 were calculated
using 137 measurement points equally distributed over the
wafer area of 149.3 cm”. The number of Al atoms deposited
per cycle was calculated from the RBS data and the number
of deposition cycles carried out.

C. Surface passivation analysis

The effective minority carrier lifetime 7. was measured
as a function of the excess carrier density An by using the
photoconductance decay technique in the transient and gen-
eralized mode.'® The surface passivation was expressed in
terms of an upper limit of the effective surface recombina-
tion velocity Segrmax, Which was calculated from the value
of T at An= 10*em ™3 using the expression: Seffmax
=W/2-(Tegs " —rAugefl) with W the wafer thickness and
correcting for the Auger lifetime tauger by employing the
parameterization proposed by Richter ez al."”

Cross section of
sample surface

caron; charges

Fixed charges\Passivaﬁon layer

CEEE R S e

ImageCharges ;o pstrate

FiG. 2. (Color online) Illustration of the corona charging experiment: (i) corona charging, (ii) surface voltage analysis, and (iii) lifetime measurements are car-
ried out sequentially and repeated time over time. The corona charging setup and and a cross sectional view of the sample are also shown.
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D. Corona charging experiments

The level of field-effect passivation and chemical passiva-
tion was investigated by corona charging experiments. In
these experiments, a procedure was repeated that consists of
corona charge deposition, surface voltage measurements, and
surface passivation measurements.'®'? Corona charges were
deposited on top of the passivated wafer surface. The corona
charges are ionizing air molecules that are created at a tung-
sten needle by a high electric field caused by a voltage of
~6KkV applied to the needle. To investigate the fixed charge
density Qy present in a passivation film corona charges with
the opposite polarity of Qr need to be deposited. By Kelvin
probe measurements, the surface voltage can be obtained and
used to calculate the corona charge density Q¢ on top of the
wafer surface with the help of the following expression:
Oc = Vur -€0-&/(d - €), with Vs the surface voltage, e the el-
ementary charge, d the layer thickness, ¢, the relative permit-
tivity of the film, and ¢, the vacuum permittivity. The relative
permittivity is substituted by an average value when stacks of
dielectric materials are investigated.”® As a result of the
corona charging experiments, a Sefrmax(Qc)-plot is obtained,
which has commonly a bell-like curved shape. The
field-effect passivation was determined from the position of
the peak value of the Segrmax(Qc)-plot as at this point the de-
posited Q¢ compensates Q. Therefore, at this point, only the
chemical passivation contributes to the total level of surface
passivation. Consequently, the peak value of Scrmax can be
regarded as a measure for the level of the chemical passiva-
tion. The Sefrmax(Qc)-plot and the corona charging setup are
illustrated schematically in Figs. 1 and 2, respectively.

Ill. RESULTS AND DISCUSSION
A. Material properties of Al,O; films

Properties such as GPC, film thickness, and thickness
nonuniformity reveal information about the ALD process.
The properties obtained for the Al,O5 films in this work are
listed in Table I. In Fig. 3, the data are compared to results
reported previously by Potts et al. for films grown in ALD
processes that used H,O and O,-plasma as oxidant.” For the

TaBLE 1. Properties of atomic layer deposited Al,Oj3 films deposited at vari-
ous temperatures (set value of the heater). The number of ALD cycles was
330. The film thickness was measured by spectroscopic ellipsometry and the
atomic composition by RBS/ERD measurements. The film thickness nonun-
iformity was calculated on basis of 137 measurement points equally distrib-
uted over the wafer area of 149.3 cm”.

Deposition temperature

200°C 300°C 400°C 500°C

Film thickness (nm) 3002 2803 2604 21x0.1
Thickness nonuniformity (%) - *5 +2 *3

Growth per cycle (A/cycle) 09*+02 08%x0.1 08=*0.1 0.6=*0.1
Al (10" at. em % cycle ™) 28+05 28*05 26+05 2.1+0.5
[O]/[Al] 1.7+0.1 1.7x0.1 15*0.1 1.6=*=0.1
[H] (at. %) 3001 23=%0.1 <0.1 <0.4

Al,O3 mass density (g/cm3) 2702 30*x02 28*02 29*0.2

“Not measured.

JVST A - Vacuum, Surfaces, and Films
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Os-process, the GPC values decreased from 0.9A to 0.6A
with increasing Tpep, and therefore, the GPC values were in
the same range as the H,O and O,-plasma data. The data
show that the density of deposited Al atoms per cycle
decreased with increasing T, while the mass density stayed
almost constant at ~2.9 g/cm®. Consequently, the reduc-
tion in Al atoms deposited per unit area in every cycle is the
reason for the lower film thickness and lower GPC when

%’ 20 ——m———————————
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Fic. 3. (Color online) Film properties for Al,O; films deposited by the
O5-based process at various deposition temperatures: (a) growth per cycle;
(b) deposited Al atoms per cycle; (c) [Al]/[O] ratio; (d) hydrogen content
[H]; and (e) Al,O5 mass density. Data were obtained from ellipsometry and
RBS/ERD measurements. For comparison purposes, data of Al,O3 films de-
posited by ALD with H,O and O,-plasma are given as reported by Potts
et al. in Ref. 5.
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TasLe II. Upper limit of the effective surface recombination velocities
Seft.max (cm/s) of single-layer Al,O5 films prepared at various deposition
temperatures (set value of the hot wall reactor temperature) after annealing
in N, for 10 min and after firing for several seconds. The uncertainty in the
data represents the standard deviation extracted from five measurements
over each sample.

Deposition temperature

Temperature ~ 200°C 300°C 400°C 500°C
Annealing 300°C 269
350°C 125 34=*11
400°C 7x2 14+6
450°C 5*2 62 12470
Firing 800°C 125 8§*3 6647 6430
850°C 267 9+1 9x2 20+ 16
910°C 132 62 6=1 6*1
925°C 9+1 5+1 4+1 5+1

going to higher Tpp. The hydrogen concentration decreased
from [H]=3at.% at Tp.,=200°C to [H]<0.5at.% at
Tpep =400 °C and 500 °C. Overall, the trend of the deposited
Al atoms per cycle [O]/[Al] ratio and [H] content was found
to be quite similar to the data reported for Al,O; films pre-
pared with H,O and an O,-plasma as oxidants.

B. Surface passivation of single-layer Al,O; films

The influence of the deposition temperature on the surface
passivation performance, which is expressed in terms of an
upper limit of the effective surface recombination velocity
Seft.max> 15 shown in Table II. The data are given after anneal-
ing and after firing at various temperatures. With increasing
annealing temperature, the Sermax-values of films grown at
Tpep =200°C decreased from 26cm/s to Scm/s. The same
trend was observed for films prepared at Tpe,=300°C with
Seftmax decreasing from 34cm/s to 6cm/s when Tappeal
increased from 350°C to 450°C. The corresponding
Teif(An)-values showed an upward shift with annealing temper-
ature over the entire measured injection range, see Fig. 4(a).
To reveal more insight into the passivation mechanism behind
this shift, corona charging experiments were carried out. The
obtained Sefrmax(Qc)-plots are shown in Fig. 4(b). The
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TabLE III. Surface recombination velocities Sefmax (cm/s) of Al,O3/SiNy
stacks with the Al,O5 films prepared at various deposition temperatures and
annealed for 10min in N, or fired for a couple of seconds in ambient
conditions.

Deposition temperature

Temperature 200°C 300°C 400°C 500°C
Annealing 400°C 116 14£6
Firing 850°C 30+4 82 9*2 19+ 10

Qyvalue, represented by Oc when Segfax has its maximum,
increased only slightly when increasing T appea from 350 °C to
450°C. However, the peak value of Sermax Was reduced sig-
nificantly, from 1430 cm/s to 230 cm/s, with increasing T apneal-
Consequently, the improvement of the surface passivation
with increasing annealing temperature can be attributed to an
improved chemical passivation. Depositing the Al,O3 films at
400 °C and annealing this films at 450 °C did not result in low
Seff,max'

After firing, the surface recombination velocities of
ALLO; films grown at Tpe,=300°C were <10cm/s inde-
pendently of the used Tgising. In contrast Al,O3 films depos-
ited at Tpe, =400°C and 500°C yielded a factor of ten
lower Sefrmax-values when Tiine increased from 800 °C to
925 °C. Remarkable was that all Al,O; films, i.e., deposited
between 200°C and 500°C, resulted in Segrmax-values
<10cm/s after firing at the highest temperature, i.e.,
Triring = 925 °C. After firing, the highest surface passivation
level is achieved for the single-layer Al,Os5 films prepared at
Tpep between 300 °C and 500 °C (see Table II). Apparently,
same Sefrmax-values, within the experimental error, can be
achieved after firing and after annealing when using opti-
mized process conditions.

C. Surface passivation of Al,03/SiN, stacks

The surface passivation study of single-layer Al,Oj
films was complemented by investigations of the surface
passivation served by Al,O3/SiN, stacks. The obtained
Sefr.max-values of the stacks after annealing and after firing are
given in Table III. After annealing, the Scgrmax-values of the

OOF T T T T
(b)

501 .
amneat (°C)

00} —0—350

50

Corona charge density Q_ (1012 cm'2)

FiG. 4. (Color online) (a) Injection dependent minority carrier lifetime 7.¢(An) obtained by photoconductance decay measurements in the transient mode for
Al,0O5 films prepared at 300 °C and annealed for 10 min in N, at temperatures ranging from 350 to 450 °C. (b) Ser.max(Qc)-plots obtained by corona charging

experiments for the same films as in (a). Lines serve as a guide to the eye.
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(C) Toep=500°C

o Fired at 850°C

FiG. 5. (Color online) Optical microscopy images of Cz sample surfaces coated with Al,O5/SiN, stacks. Al,O5/SiNy stacks with (a) Al,O; film deposited at
200 °C after anneal at 400 °C, (b) Al,O; film deposited at 200 °C after firing at 850 °C, and (c) Al,O5 film deposited at 500 °C after firing at 850 °C.

stacks were found to be similar to the one achieved for
single-layer Al,O; films within the experimental error, see
Tables II and III, respectively. After firing at 850°C, the
Seft.max-values of the stacks decreased from 30cm/s to 9 cm/s
when Tpe, of the ALO; films increased from 200°C to
400°C. A similar behavior was observed for the single-layer
Al,O; films for that particular firing temperature. Stacks with
AlLO; films deposited at 500°C yielded a Segrmax-value of
19 cm/s. The higher Scgr max-values obtained for stacks after fir-
ing with the Al,Oj3 films deposited at 200 °C could possibly be
(partly) related to the effect of blistering. Blistering is a local
delamination of the Al,O; films, and consequently, it can
cause a reduction of the surface passivation performance.'*
Optical microscopy images of the Al,O3/SiN, stacks are
shown in Fig. 5 after annealing [Fig. 5(a)] and after firing [Fig.
5(b)] and are also compared to images of a stack after firing
with the Al,O5 films deposited at 500°C [Fig. 5(c)]. The
stacks with the Al,Oj3 films deposited at 200 °C showed blister-
ing only after firing and not after annealing, see Figs. 5(a) and
5(b), respectively. The higher temperature and the faster tem-
perature ramp rate play therefore a role for blistering.
Furthermore, blistering seems to be related to the higher
hydrogen content of the Al,O5 films deposited at 200 °C. The
hydrogen concentration was [H] =3 at. % for films deposited
at 200°C but [H] <0.5 at. % for films deposited at 500 °C.
These observations are in line with results reported by Hennen
et al. who correlated the hydrogen content of the films and the
formation of blisters.>
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Corona charging experiments were carried out to investi-
gate the mechanism responsible for the trend of the
Sefr.max-values with changing deposition temperature. The
surface passivation performance is shown in Fig. 6(a) in
terms of the t.;(An) for the Al,O3/SiN, stacks after firing at
850°C. The values of 7. increased over a wide range of
An-values when higher deposition temperatures were used
for the Al,O5 films. The discrepancy between the results
shown in Table III and in Fig. 6(a) for the stacks with Al,O3
films grown at 200 °C and 500°C can be attributed to the
fact that for the corona charging experiments one sample
point (4 x 4cm® in area) is considered whereas the
Seft.max-values given in Table III are an average value
obtained from five measurement points distributed over the
sample area. The Sefrmax(Qc)-plots are shown in Fig. 6(b)
(no corona charging experiments could be carried out for the
sample suffering from blistering, i.e., for Tpe,=200°C).
Increasing Tpep yielded lower Qc-values for which the maxi-
mum in Seprmax Was reached, from QC:3~1012(:m72 at
Tpep=300°C to 3:10" em ™ at T, =500°C. Hence, the
negative fixed charge density, as a measure for the
field-effect passivation, decreased by one order of magnitude
when going to higher deposition temperatures. For the chem-
ical passivation, no clear trend could be discerned but the
stack with the AlL,Oz films deposited at Tpe,=300°C
showed the highest level of chemical passivation.
Remarkable was that the stacks with Al,O;3 films grown at
300°C and 400°C showed a clear difference in the peak

Corona charge density Q_ (10”% cm?®)

FiG. 6. (Color online) (a) Injection dependent minority carrier lifetime t.p(An) for Al,O5/SiNy stacks after firing at 850 °C. The deposition temperature for the
AlLO; films is indicated. (b) Sefrmax(Qc)-plots obtained by corona charging for the Al,O3/SiN stacks after firing at 850 °C. No data is available for the Al,O5

films grown at 200 °C. Lines serve as a guide to the eye.
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FiG. 7. (Color online) Sefr.max(Qc)-plots obtained by corona charging experi-
ments for single-layer Al,O5 films and Al,O3/SiNj stacks with Al,O3 films
grown at 300 °C. The data for the single-layer film are shown after annealing
at 400°C and for the stacks after annealing at 400 °C and after firing at
850°C. Lines serve as a guide to the eye.

value of Sefrmax (the peak values differ by ~150cm/s) and
also a clear difference in Qf (Qs differs by ~1.5 - 10"2¢cm—?).
Yet, their Segrmax-values (without corona charges) are very
similar as shown in Table III. This holds also for the
Teg-value at An = 10" cm > as shown in Fig. 6(a).

The corona charging experiments were also used to
investigate whether the SiN, capping layer deposition
affected the field-effect and chemical passivation of the
underlying Al,O3 films. These experiments were triggered
by the fact that the SiNy films can have a fixed charge den-
sity with the opposite charge polarity compared to the Al,O;
films,* which could potentially compensate (partially) the
fixed charge density in the Al,O; films. In Fig. 7, the
Sett.max(Qc)-plot of single-layer Al,O;5 films after annealing
is compared to those of Al,O3/SiNy stacks after annealing
and after firing. After annealing, the peak value of Se¢f max Of
the stacks resulted in slightly lower values while the peak
was also narrower than for the single-layer Al,Oj; films. This
indicates a slightly better chemical passivation for the stacks
that can possibly be related to the deposition of the SiN, cap-
ping layer that leads to an additional thermal budget, i.e., an
additional anneal. The narrower peak can be related to a
change in the capture cross section ratio of electron and
holes.*® The Sett.max(Qc)-plot of the stacks after firing dem-
onstrates the improvement of the chemical passivation due
to the firing process when SiNy layers are present. The peak
value of Scfrmax 1S strongly reduced due to a passivation of
surface defects by hydrogen. This hydrogen is released from
the Al,O; and/or SiN, films during the firing process.”’
Moreover, the SiN, film can act as a kind of diffusion barrier
for the hydrogen in the Al,O5 films increasing the flux of
hydrogen toward the Si interface. The field-effect passiva-
tion of the Al,O; films was not affected by the SiN, capping
process nor the firing process, which is in line with recently
published results for Al,05/SiNy stacks with a different com-
bination of layer thicknesses.”®
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IV. CONCLUSIONS

The material properties and surface passivation perform-
ance of Al,Oj3 films deposited by ALD with O5 as oxidant
were studied for films prepared at various deposition temper-
atures. The Al,Oj; films of the O3-based ALD process showed
similar material properties as Al,O5 films deposited by ALD
using an O, plasma or H,O. It was found that the surface pas-
sivation performance of the films obtained after annealing at
moderate temperatures (around 400 °C) resulted in a similar
high level of the surface passivation performance as obtained
after firing at high temperatures (around 900 °C). The high
level of surface passivation is demonstrated by low effective
surface recombination velocities <10cm/s. Analysis of the
surface passivation mechanisms of the Al,O5-based films and
stacks revealed that the field-effect passivation depends on
the deposition temperature whereas the chemical passivation
is mainly affected by the annealing temperature. When com-
bining low deposition temperatures and firing steps, the blis-
tering can occur, which can result in a reduction of the
surface passivation performance. Finally, it can be concluded
that a multitude of temperature conditions can induce a high
level of surface passivation as long as the combination of
deposition temperature and annealing or firing temperature is
carefully chosen.
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