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Annealing at moderate temperatures is required to activate the silicon surface passivation by Al2O3

thin films while also the thermal stability at higher temperatures is important when Al2O3 is

implemented in solar cells with screenprinted metallization. In this paper, the relationship between

the microstructure of the Al2O3 film, hydrogen diffusion, and defect passivation is explored in detail

for a wide range of annealing temperatures. The chemical passivation was studied using stacks of

thermally-grown SiO2 and Al2O3 synthesized by atomic layer deposition. Thermal effusion

measurements of hydrogen and implanted He and Ne atoms were used to elucidate the role of

hydrogen during annealing. We show that the passivation properties were strongly dependent on the

annealing temperature and time and were significantly influenced by the Al2O3 microstructure. The

latter was tailored by variation of the deposition temperature (Tdep¼ 50 �C–400 �C) with hydrogen

concentration [H] between 1 and 13 at.% and mass density qmass between 2.7 and 3.2 g/cm3. In

contrast to films with intermediate material properties, the passivation by low- and high density

films showed a reduced thermal stability at relatively high annealing temperatures (�600 �C). These

observations proved to be in good agreement with thermal effusion results of hydrogen and inert gas

atoms that were also strongly dependent on film microstructure. We demonstrate that the

temperature of maximum effusion decreased for films with progressively lower density (i.e., with

increasing [H]). Therefore, the reduced thermal stability of the passivation for low-density

hydrogen-rich ([H] >�5 at. %) films can be attributed to a loss of hydrogen at relatively low

annealing temperatures. In contrast, the lower initial [H] for dense Al2O3 films can likely explain

the lower thermal stability associated with these films. The effusion measurements also allowed us

to discuss the role of molecular- and atomic hydrogen during annealing. VC 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4709729]

I. INTRODUCTION

Recombination of charge carriers at silicon surfaces can

be a major contributor to suboptimal energy conversion effi-

ciencies of silicon solar cells. In recent years, aluminum

oxide (Al2O3) thin films, mainly synthesized by atomic layer

deposition (ALD) and plasma-enhanced chemical vapour

deposition (PECVD), have been used to significantly

improve solar cell efficiencies by providing effective surface

passivation.1–11 On both n- and p-type Si surfaces, Al2O3

induces surface recombination velocities, Seff, typically well

below 5 cm/s. The effective passivation is related to a signifi-

cant reduction in defect density at the Si interface (Dit

� 1011 eV�1 cm�2), after annealing the Al2O3 films at rela-

tively low temperatures (�400 �C).12 Simultaneously, the

fixed negative charge density associated with the Al2O3 films

increases up to Qf¼�(3–10)� 1012 cm�2 leading to field-

effect passivation through a reduction of the electron density

at the Si surface.5,12

Recently, Al2O3 films have also been applied as capping

layers on SiO2.13–16 It was found that the advantageous

effect of the capping layer was chiefly related to the chemi-

cal passivation at the remote interface. Most notably, for

stacks comprising SiO2 synthesized at low-temperatures by

PECVD and ALD, very low Seff values < 3 cm/s and low

Dit values < 1011 cm�2 eV�1 were obtained,13,15 which

remained stable up to high annealing temperatures.13 The

low defect densities were explained by an effective hydro-

genation of defects present at the buried Si/SiO2 interface

under influence of the Al2O3 capping layer. Secondary-ion-

mass-spectroscopy (SIMS) demonstrated that a fraction of

the hydrogen incorporated in the Al2O3 during deposition

penetrated into SiO2 and diffused toward the Si/SiO2 inter-

face during annealing.14 At this interface, the Si-dangling

bond is the most prominent electrically active defect

(Pb-type defect).17–20 As the dangling bond is chemically

active, reactions with hydrogen can lead to the elimination

of these defects. On the other hand, the fixed charge density

responsible for field-effect passivation was found to be very

small for thick (e.g., 50–200 nm) thermally-grown SiO2

layers capped by Al2O3.14,16,21,22 These stacks can therefore

be regarded as a model system for studying the chemical
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passivation induced by Al2O3.14 Moreover, when Al2O3 is

deposited on H-terminated Si, an interfacial SiOx is formed.1

The corresponding electronic interface properties were found

to be comparable to other Si/SiO2 interfaces.23

Given the important role of hydrogen in the passivation

properties of Al2O3, it is vital to explore a number of open

questions related to the improvement in chemical passivation

during annealing. For example, what is the effect of a varia-

tion in annealing temperature and time? What is the influ-

ence of the structural properties of Al2O3, i.e., mass density

and hydrogen concentration, on the diffusion of hydrogen?

In what form, atomic or molecular, is hydrogen transported

in the Al2O3 films? In this paper, these questions will be

addressed by the combination of lifetime spectroscopy meas-

urements on SiO2/Al2O3 stacks and thermal effusion

measurements.

Thermal effusion measurements have proven to be

powerful for studying the material microstructure and hydro-

gen diffusion in thin films by the detection of volatile species

that are released from a film during annealing (T¼ 200

–1100 �C).24–26 Only recently, effusion measurements have

been applied to study the properties of passivation

materials.6,14,27–29 In the context of passivation, effusion

measurements are of primary interest as they help to eluci-

date the important role of hydrogen. It is important to

emphasize that the temperature range during the effusion

experiments encompasses the activation of the surface passi-

vation, which generally requires annealing at T¼�350

–450 �C, and also the higher temperature range (>700 �C)

typically used during the metallization processes of solar

cells. For example, during the manufacture of industrial

solar cells with screenprinted contacts, high temperatures

(T>�800 �C) are typically required and the thermal stabil-

ity of the passivation film is crucial.6,30,31 Effusion experi-

ments have, for instance, been applied to study the relation

between hydrogen effusion and film composition for

a-SiNx:H surface passivation films.27 In addition, hydrogen

effusion from thermally grown SiO2 exhibited maxima at

distinct annealing temperatures, which corresponded with a

deterioration in surface passivation quality.14 For Al2O3, the

effusion of molecules such as H2O, H2, CO, and CO2 from

the film bulk and/or interfaces has been observed in a wide

temperature range.6 In this paper, both the effusion of intrin-

sic hydrogen species (i.e., originating from H incorporated

during deposition) and inert gas atoms which were implanted

in Al2O3 will be studied.

In this paper, it will be shown that: (i) The hydrogena-

tion of the Si/SiO2 interface by Al2O3 exhibited an Arrhenius

behavior as the associated reaction rate increased with

increasing annealing temperature. The results suggested that

the passivation mechanism of the stacks was not diffusion-

limited at annealing temperatures of �400 �C. (ii) The effu-

sion of hydrogen was strongly influenced by the Al2O3

structural properties and the annealing temperature. In addi-

tion, the level of passivation achieved at high annealing

temperatures was reduced for low-density hydrogen-rich

films synthesized at low Tdep (� �100 �C) and for dense

films synthesized at high Tdep (>300 �C). The cause for

the lower thermal stability can be related to the hydrogen

transport toward the interface. For the relatively hydrogen-

rich films, rapid effusion takes place toward the ambient

already at low annealing T, while for dense Al2O3 films, a

low initial hydrogen density may reduce the effectiveness of

interface hydrogenation. (iii) The measurements suggested

that hydrogen can diffuse in molecular as well as atomic

form, depending on annealing temperature and Al2O3 struc-

tural properties.

After the experimental details in Sec. II, the annealing

kinetics of the SiO2/Al2O3 stacks will be discussed in

Sec. III A. Subsequently, the effect of the Al2O3 micro-

structure on the passivation properties will be reported in

Sec. III B. The effusion measurements are presented in

Sec. III C. The discussion in Sec. IV aims to combine the

experimental results to enable a better understanding of the

role of hydrogen in the passivation properties of Al2O3.

II. EXPERIMENTAL DETAILS

The Al2O3 films were synthesized by thermal and

plasma ALD in an Oxford instruments OpAL reactor.8

Al(CH3)3 served as Al precursor, and either H2O (thermal

ALD) or a remote O2 plasma (plasma ALD) was employed

during the oxidation step. The substrate temperature during

deposition Tdep was varied between �50 �C and 400 �C
(plasma ALD), to obtain films with different hydrogen con-

tent and O/Al ratio.32 Note that the actual wafer temperature

for the films deposited at 300 and 400 �C may be somewhat

lower than the substrate temperature. The Al2O3 atomic

composition was determined by Rutherford backscattering

spectroscopy (RBS) and elastic-recoil detection (ERD).

High-quality SiO2 layers with a thickness of �190 nm were

grown by (wet-) thermal oxidation in an H2O atmosphere at

a temperature of �900 �C. As substrates, floatzone n-type

Si(100) wafers were used, with a resistivity of �2 or �12 X
cm. After oxidation, no cleaning step was performed prior to

Al2O3 deposition. To activate the passivation, rapid thermal

annealing with a typical ramp-up time of �30 �C/s was per-

formed in N2 atmosphere for the SiO2/Al2O3 stacks or in

forming gas (10% H2 in N2) for single layer SiO2 reference

samples.

Thermal effusion measurements were performed on HF-

last Si samples coated on both sides with �100 nm Al2O3

films. The experiments took place in an evacuated quartz

tube under high vacuum conditions (10�7 mbar) and a linear

heating rate of 20 �C/min was used. A quadrupole mass spec-

trometer was used for the detection of volatile species

released from the Al2O3 films. Therefore, different masses

are detected sequentially at slightly different times and tem-

peratures with a resolution of approximately 20 �C. He and

Ne atoms were incorporated in the films by ion implantation.

Prior to the measurement, the setup was calibrated by meas-

uring known gas flows of H2, He, and Ne. More details on

the effusion- and implantation experiments can be found

elsewhere.24,33 The passivation properties of the stacks were

evaluated by measuring the effective minority carrier life-

time seff by the photoconductance decay method (Sinton

WCT 100). For each sample, the lifetime was measured for a

spot in the middle of the wafer. The upper limit of the

093713-2 Dingemans et al. J. Appl. Phys. 111, 093713 (2012)



surface recombination velocity was calculated from seff and

is quoted at an injection level of 5� 1014 cm�3 by assuming

an infinite bulk lifetime, i.e., by employing the relation Seff

<W/(2seff), with W the wafer thickness of �200 lm.

III. RESULTS

A. Effect of annealing time and temperature on
passivation properties

The injection-level dependent effective lifetime of a

SiO2/Al2O3 stack after annealing at a temperature of 400 �C
is shown in Fig. 1. The SiO2/Al2O3 stack resulted in a higher

effective lifetime of seff¼ 2.8 ms at Dn¼ 5� 1014 cm�3

(�2 X cm n-type Si) than obtained for a SiO2 reference sam-

ple annealed in forming gas with seff¼ 1.4 ms. The effective

lifetime induced by the stack corresponds to a value of Seff

< 4 cm/s. In addition, we verified (on different type of

wafers) that the passivation performance of the stack was

similar to that obtained after “alnealing” (annealing the SiO2

with a sacrificial Al-layer), which is known to lead to an

excellent passivation quality.18,34,35 It was, furthermore,

found that annealing in N2 led to the same passivation per-

formance for the stacks as annealing in forming gas. The

observation that the shape of the effective lifetime curves is

the same for forming-gas annealed SiO2 and SiO2/Al2O3

stacks is in accordance with a similar prevailing mechanism

underlying the passivation properties, i.e., a high level of

chemical passivation.13,16 The negative Qf associated with

the Al2O3 films was found to decrease strongly with SiO2

interlayer thickness.15,16 For the thick SiO2 interlayers of

200 nm used here, the field-effect passivation was found to

be insignificant.14,21 Similar results have recently been

reported for SiO2/a-SiNx:H stacks.36 It was verified that

plasma and thermal ALD Al2O3 capping layers resulted in a

comparable high level of passivation after annealing (see

also Fig. 2). However, prior to annealing, the plasma ALD

process led to a significant degradation of the interface

quality of the as-grown thermal SiO2, resulting in effective

lifetimes in the microsecond range. This degradation has

been attributed to the vacuum UV (VUV) radiation present

in the O2 plasma, which does not play a role during thermal

ALD.12,37,38

1. Annealing kinetics

To investigate the kinetics associated with the passiva-

tion of the SiO2/Al2O3 stacks during annealing, the annealing

time and temperature T were varied. Al2O3 capping layers

synthesized by plasma and thermal ALD are compared in

Figure 2. An important observation was that the improve-

ment in the effective lifetime occurred faster for progres-

sively higher annealing temperatures (i.e., Arrhenius

behavior). In addition, the level at which the passivation

reached a maximum was controlled by the annealing temper-

ature. The highest level of passivation was found for

T¼�400 �C, independent of the ALD method applied.

However, the annealing time required to reach saturation

was longer for Al2O3 capping layers synthesized by thermal

ALD than by plasma ALD. This difference may be related to

a slight difference in structural properties resulting from the

two ALD methods.32 In addition, it is likely that the incorpo-

ration of hydrogen into SiO2 during plasma ALD, as was

corroborated by secondary ion mass spectrometry measure-

ments,14 can also play a role in the observed differences. The

comparatively short annealing times associated with plasma

ALD capping layers may therefore be partially attributed to

the larger hydrogen reservoir in the SiO2 layer.

Although the passivation performance after annealing at

450 �C was slightly below that obtained at 400 �C, a signifi-

cant deterioration of the passivation properties occurred only

at higher temperatures of 600–700 �C,14 as will also be dis-

cussed later. The degradation depended strongly on the

duration of the annealing step. The decrease in surface

FIG. 1. Injection-level-dependent effective lifetime for a SiO2/Al2O3 stack

after annealing at 400 �C (10 min, N2). As references, data for as-grown

SiO2 and after subsequent forming gas annealing (400 �C, N2/H2, 10 min)

are shown. The film thickness was �190 and �30 nm for SiO2 and Al2O3,

respectively. Al2O3 was deposited at Tdep¼� 200 �C by thermal ALD. As

substrates, �2 X cm n-type c-Si wafers were used.

FIG. 2. Effective lifetime (Dn¼ 5� 1014 cm�3) as a function of annealing

time for SiO2/Al2O3 stacks. The Al2O3 capping films were synthesized by

(a) plasma ALD and (b) thermal ALD, using Tdep¼ 200 �C. The film thick-

ness was �190 and �30 nm for SiO2 and Al2O3, respectively. As substrates,

12 X cm n-type c-Si wafers were used. Annealing took place in N2. Note the

different scale of the horizontal axis in (a) and (b). The lines are exponential

fits to the data (see Eq. (1)). For every annealing temperature, a separate

sample was used, which was annealed and measured in consecutive steps.
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passivation quality at elevated T is indicative of an increase

in the interface defect density.14,20,39

2. Activation energy

To obtain an estimate of the activation energy associated

with the passivation kinetics of the stacks, the trends in

Fig. 2 were fitted following the approach in Ref. 40 by the

expression:

seff ¼ ½bþ a expð�tanneal=spassÞ��1; (1)

with tanneal the annealing time. Subsequently, the characteris-

tic time constant spass was plotted against 1/kBT to obtain an

estimate of the activation energy EA using the equation

s�1
pass ¼ c expð�EA=kBTÞ (2)

From the Arrhenius plot in Fig. 3, a value of

EA¼ 0.9 6 0.2 eV was determined for plasma ALD capping

layers. For thermal ALD, the fitting was less accurate and

resulted in EA¼ 1.2 6 0.5 eV. EA can be regarded as the

effective activation energy representative for the processes

that lead to the hydrogenation of the interface during

annealing.

In the literature, a wide variety of activation energies are

reported for the diffusion of hydrogen in SiO2, but the gen-

eral understanding is that atomic H and H2 can rapidly

migrate through SiO2 during annealing.19,41 For instance,

values of EA¼ 0.2–0.3 eV have been reported by Tuttle et al.
and Burte et al. for atomic H diffusion,43,44 while Reed et al.
obtained a higher value of 0.75 eV.18 For the diffusion of H2,

a value of �0.5 eV was reported by Fink et al.41 It is gener-

ally assumed that the hydrogenation of electronically active

defects at the Si/SiO2 interface is a reaction-limited process

rather than diffusion-limited.18,20,42 The activation energies

that we have obtained are higher than the reported activation

energies for hydrogen diffusion and, therefore, also suggest

that the passivation kinetics of the stacks were not diffusion-

limited. Furthermore, the values of EA fall in the range of

earlier reported activation energies during alnealing
(�1.2 eV) (Ref. 18) and forming gas annealing (�1.5 eV).20

B. Effect of Al2O3 structural properties on the
passivation

To study the influence of the Al2O3 structural properties

on the hydrogenation of the Si/SiO2 interface, Al2O3 films

were synthesized by plasma ALD at various substrate tem-

peratures (Tdep¼ 50–400 �C).32 Figure 4 shows that the

hydrogen content in Al2O3 decreased with increasing Tdep

from approximately 13 at. % (50 �C) to <�1 at. %

(�400 �C). Infrared absorption measurements indicated that

hydrogen is mostly incorporated as OH groups.45 For films

deposited at Tdep � 200 �C, the O/Al ratio approached the

value of �1.5 representative for stoichiometric Al2O3.32 For

lower Tdep, the O/Al ratio was observed to increase, which

can be partially ascribed to the incorporation of more OH

groups. The mass density exhibited an opposite trend to [H]

and increased for films deposited at higher Tdep. Although

less pronounced, an increase was also observed for the total

number density of atoms. The observed correlation between

the mass density and the hydrogen content shows that both

variables cannot be controlled independently by varying the

substrate temperature.

The effect of Tdep on the passivation quality and the

thermal stability of the SiO2/Al2O3 stacks is shown in Figure

5. The level of passivation in the as-deposited state improved

with increasing Tdep. This effect, albeit less pronounced, has

also been reported for as-deposited single-layer Al2O3.32 We

attribute the improvement to “in situ annealing” (i.e., anneal-

ing during deposition) which becomes more effective at

higher Tdep. During the subsequent post-deposition annealing

at 400 �C, the passivation performance of all the stacks

improved to values of Seff < 10 cm/s, but the impact of

annealing was especially significant for Tdep < 300 �C. The

optimal passivation was reached for Tdep in the range of

100–200 �C, leading to Seff values < 3 cm/s. However, the

optimum in Tdep shifted to intermediate values of

200–300 �C, when the annealing temperature was increased

up to 600 �C. The passivation performance of the stacks

comprising Al2O3 deposited at low Tdep of 50 �C and 100 �C
degraded significantly after annealing at 600 �C. These films

exhibited a high hydrogen concentration >�8 at. % and

FIG. 3. Arrhenius plot corresponding to Fig. 2(a). spass is the time constant

corresponding to the increase in the effective lifetime during annealing at

temperatures T. An activation energy of EA¼ 0.9 6 0.2 eV was deduced for

the passivation kinetics during annealing (T¼ 320-450 �C).

FIG. 4. Mass density qmass and hydrogen concentration [H] as a function of

Tdep for plasma ALD Al2O3 films. Data were extracted from RBS and ERD

experiments and thickness information from spectroscopic ellipsometry

093713-4 Dingemans et al. J. Appl. Phys. 111, 093713 (2012)



associated low mass density. Moreover, a reduced thermal

stability was also observed for the relatively dense film

deposited at 400 �C. In conclusion, the observations show

that the thermal stability is impaired for Al2O3 material

properties outside the range of [H]¼�2–6 at. % and

qmass¼ 2.9–3.2 g/cm3. A correlation between film density

and thermal stability was recently also observed for PECVD

SiOx/SiNx stacks.36 It is notable that the range of material

properties leading to optimal passivation for Al2O3 deposited

directly on Si was approximately the same as for the

stacks.32 This underlines the important role of the chemical

passivation in the passivation properties of the single-layer

Al2O3 on Si, as was already reported in our previous work.32

In Sec. IV, we will show that the passivation results can be

related to the significant differences in H effusion observed

for Al2O3 films of varying composition.

C. Effect of Al2O3 microstructure on gas effusion

An important property of the Al2O3 film is its microstruc-

ture which is likely determining the hydrogen diffusion proc-

esses during annealing. The effusion of hydrogen and implanted

inert gas atoms was studied to gain insight into the relation

between the Al2O3 microstructure and hydrogen diffusion.

1. Effusion of H2, H2O, and CO2

Figure 6 shows the effusion signals corresponding to

mass-over-charge ratios of m/z¼ 2 (H2
þ) and m/z¼ 18

(H2Oþ) for plasma ALD Al2O3 films deposited at various

substrate temperatures on Si. Two clear transitions are visi-

ble for progressively higher Tdep: It is observed that the effu-

sion maxima shifted toward higher annealing temperatures

and that the (integrated) signal intensity decreased for pro-

gressively higher Tdep. A low-temperature peak (LT) and a

high temperature peak (HT) (shifted by approximately

200 �C) can be distinguished in the transients of H2 and H2O.

The annealing temperature that coincides with the LT max-

ima (TLT) is plotted as a function of Tdep in Fig. 7. The LT

maxima are observed to shift toward higher annealing tem-

peratures for increasing Tdep in the range of 50–200 �C. For

dense Al2O3 films (Tdep� 200 �C), the position of the LT

peak saturated at T¼ 680 6 40 �C for H2 and H2O. The HT

peak also exhibited a saturation behavior. As an important

conclusion, the measurements reveal a correlation between

the density of the films and the annealing temperature at

which the effusion rate of hydrogen is maximum. Moreover,

the dependence of the H2O effusion on the Al2O3 micro-

structure provides evidence that, in addition to surface de-

sorption of adsorbed H2O molecules, the H2O signal

originated partially from the bulk of the films.

The integrated H2 effusion signals exhibited a correla-

tion with the initial hydrogen content of the Al2O3 films as

determined by ERD (Fig. 4). The calibrated H2 effusion

measurements in combination with the initial [H] from ERD

enable a quantitative estimate of the percentage of hydrogen

released as H2O. This approach is valid under the assumption

that other routes for the release of hydrogen, e.g., CHx spe-

cies, can be neglected. In addition, it is notable that the

cracking of H2O has only a minor (typically, <1%) contribu-

tion to the H2
þ signal. We found that the higher Tdep, the

FIG. 5. Thermal stability of SiO2/Al2O3 stacks in terms of the surface

recombination velocity Seff,max. Al2O3 (�30 nm) was synthesized by plasma

ALD at various Tdep. The five samples were annealed at 400 �C (7 min, N2),

and subsequently annealed in steps of 1 min at 450 �C (not shown), 500 �C
and 600 �C. As substrates, 12 X cm n-type c-Si wafers were used. The SiO2

thickness was 190 nm.

FIG. 6. Effusion measurements of H2 and H2O for Al2O3 films (thickness

�100 nm) on Si deposited by plasma ALD at various substrate temperatures

Tdep. The H2 signal was calibrated by a known H2 flow. The heating rate dur-

ing the experiments was 20 �C/min.

FIG. 7. Temperature of the low-temperature (LT) effusion maxima TM for

plasma ALD Al2O3 films synthesized at various Tdep. The H2 and H2O data

correspond to Fig. 6.
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smaller the relative contribution of H2O in the release of

hydrogen became (e.g., the fraction released as H2O was

�60% and �20% for Tdep¼ 50 �C and 400 �C, respectively).

Therefore, the effusion of H2 appeared to be the prominent

route of hydrogen loss for films with low [H] and a relatively

high mass density.

As an interesting side note, the effusion maxima of CO2

(m/z¼ 44) were observed to shift toward lower annealing

temperatures for increasing Tdep, in contrast to the observa-

tions for H2 effusion (Fig. 7). X-ray diffraction mea-

surements revealed that the Al2O3 films crystallize at

temperatures between 850 and 900 �C,46 which is in the

range of maximum CO2 effusion. It is likely that the effusion

of carbon impurities coincided with the crystallization of the

film. We speculate that a higher annealing temperature is

required to crystallize films with lower mass densities, which

may explain the trend between CO2 effusion and Tdep. Note

that the carbon content of the films was typically <1 at. %

(Tdep � 200 �C) as revealed by X-ray photoelectron spectros-

copy measurements.

2. Effusion of inert gas atoms

To study the relation between H diffusion and film

microstructure in more detail, effusion measurements of

implanted He and Ne atoms were carried out. Since

implanted inert gas atoms do not form bonds with the host

material, the process of out-diffusion is sensitive to varia-

tions in the microstructure of the film only, as has previously

been demonstrated for materials such as amorphous Si and

sputtered ZnO:Al films.47,48 Here, He and Ne doses of

3� 1015 cm�2 were implanted in the as-deposited Al2O3

films (thickness �100 nm), with maxima in the distribution

at a depth of around 50 nm. For the interpretation of the effu-

sion results, the “onset temperature” Tonset, defined as the

temperature at which the effusion rate reaches a value of

5� 1016 cm�3 s�1, is introduced here in addition to the tem-

perature of maximum effusion rate, TM. Figure 8 shows the

effusion spectra of He and Ne measured for films deposited

at different Tdep. The corresponding TM and Tonset are shown

in Fig. 9. To activate the effusion, higher annealing tempera-

tures were required for Ne than for He. This is in agreement

with the dependence of the diffusion coefficient on the atom

size, as will be discussed in Sec. IV. For Al2O3 deposited at

50 �C, the effusion spectra exhibited He and Ne peaks at

TM¼ 240 �C and TM¼ 410 �C, respectively. For Ne, a sharp

increase in TM (to �900 �C) was observed for Tdep > 50 �C,

while Tonset increased more gradually. For He, the character-

istic effusion temperatures also shifted upwards

(TM¼�500 �C) with increasing Tdep. For both He and Ne,

the effusion temperatures started to level off at Tdep

> �200 �C. Collectively, the data demonstrate a close corre-

lation between the Al2O3 microstructure and the effusion

temperature for the inert gas atoms. A similar correlation

between TM and Tdep has been reported for a-SiNx:H films.27

IV. DISCUSSION

This section covers the interpretation of the effusion

measurements and discusses the correlation between the

effusion results and the surface passivation properties during

annealing.

A. Simple diffusion model

The effusion of He and Ne can be discussed within the

framework of a “doorway diffusion” model. In this classical

model, atoms are trapped inside network cages and can only

move if the “doorway” opens wide enough by thermal

motion.49 The activation energy of doorway diffusion

depends on the radii r and rD of the atom and “doorway”

opening, respectively, and on the shear modulus G of the

material

ED ¼ 4p2GrDðr � rDÞ2; (3)

The corresponding diffusion coefficient D, for a thermally

activated out-diffusion process, is given by

DðTÞ ¼ D0 expð�ED=kTÞ; (4)

FIG. 8. (a)–(e) The helium (solid lines) and neon (dashed lines) effusion

spectra of Al2O3 films deposited at different substrate temperatures Tdep.

The heating rate during the experiments was 20 �C/min.

FIG. 9. Ne and He effusion in Al2O3 in the plane of the annealing tempera-

ture and substrate temperature during deposition Tdep. The data correspond

to Fig. 8.
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with D0 a diffusion prefactor, k the Boltzmann constant, and

T the temperature during the effusion experiment. From Eqs.

(3) and (4), it follows that the smaller the network openings

and/or the “stiffer” the material, the higher is the activation

energy ED and the lower the diffusion coefficient. Moreover,

it implies that the diffusion coefficient increases for smaller

atoms or molecules. In other words, for a given material,

effusion of inert atoms is governed by: (i) the density of the

material and (ii) the size of the diffusing species.

B. He and Ne effusion

The observed shift of the effusion maxima of He and Ne

toward higher annealing temperatures with increasing Tdep

(Fig. 9) is indicative of an increase in ED. When the change

in shear modulus G is assumed to be negligible, then Eq. (3)

reveals a decrease of the doorway radius rD for Al2O3 syn-

thesized at higher Tdep. This decrease in rD implies a more

compact material which is consistent with the evolution of

the Al2O3 film density as displayed in Fig. 4.

In addition, the observation that the activation energy is

higher for Ne than for He diffusion (i.e., TM
Ne > TM

He) can be

explained by the fact that the size of Ne (atomic radius of

�0.25 nm) is larger than that of He (�0.2 nm).50 Furthermore,

the doorway diffusion model predicts a similar, albeit shifted,

trend for He and Ne with Tdep. However, TM
Ne (in the range of

900 �C) was virtually independent of Tdep in contrast to the

trend of He. It is likely that this difference is related to a Ne

release process which is governed by significant material

reconstruction effects (i.e., crystallisation) and possibly film

blistering at elevated temperatures, similar as proposed for

CO2 (see Sec. III C). In this case, the model of doorway diffu-

sion and the correlation between ED and TM no longer hold.

C. Hydrogen diffusion

The diffusion of hydrogen is inherently more complex

than that of inert gas atoms. For example, hydrogen effusion

involves bond breaking and may involve the formation of H2

through secondary reactions either within the bulk of the mate-

rial or at the surface/interface. Therefore, the combination of

He/Ne and H2 effusion results may be helpful to explain some

of the underlying mechanisms of hydrogen diffusion in Al2O3.

The size of a H2 molecule is assumed to be similar to Ne

and larger than the size of He.51 Therefore, the observation

that TM
He < TM

H2 is consistent with a higher diffusion coeffi-

cient for He, just on the basis of the difference in size. Fur-

thermore, the observation that the effusion of Ne was

significant only at high temperatures (above 600 �C for Tdep

� 200 �C) suggests that a relatively dense Al2O3 structure

also impedes the diffusion of similarly-sized H2 molecules at

annealing temperatures below 600 �C. The lower onset tem-

perature of He effusion suggests that atomic H, with a size

comparable to He, can diffuse efficiently in a wide range

of annealing temperatures (i.e., �300–550 �C, for Tdep

� 200 �C). Note that effusion measurements do not detect

atomic H, but always H2. H2 arises either from out-diffusion

of H2 molecules or from recombination of atomic H at the

film surface, at the film-substrate interface or possibly at in-

ternal surfaces (voids). The comparison between the H2 and

He/Ne effusion results leads us to the assumption that diffu-

sion of hydrogen is governed by atomic H as well as by H2

depending on the Al2O3 microstructure and the annealing

temperature. Hydrogen diffusion in molecular form is likely

more dominant for low-density films and for Al2O3 annealed

at relatively high temperatures (>600 �C). Diffusion in the

form of atomic H might be important for relatively dense

Al2O3 films, being activated at significantly lower tempera-

tures (between 300 and 600 �C) as a result of its smaller size.

A role for atomic H has also been reported for dense

a-SiNx:H films.27,52,53

The observation that hydrogen diffusion can take place

in Al2O3 at relatively low annealing temperatures has been

corroborated by secondary ion mass spectrometry depth

profiling.14 Approximately 15% of the hydrogen initially

present was released from the Al2O3 film during annealing at

400 �C (10 min) either by effusion toward the film surface or

by diffusion toward the underlying SiO2. The observation

that hydrogen diffusion can already take place at low anneal-

ing temperatures is also consistent with the activation of the

passivation performance of the stacks for temperatures as

low as �320 �C (Fig. 2). While atomic as well as molecular

hydrogen can diffuse in SiO2, interface effects, such as pile-

up of hydrogen (Ref. 14) and recombination reactions, may

play a role in hydrogen diffusion across the SiO2/Al2O3

interface.

The formation of (atomic) hydrogen during annealing

can be ascribed to reactions of OH groups with Al atoms,

under formation of Al-O bonds. As this bond is very strong,

the reaction involved is expected to be very efficient.54 A

similar mechanism was proposed for the release of hydrogen

atoms when SiO2 is capped with an Al layer (“alnealing”).18

In fact, it was suggested that a thin AlOx layer forms at the

interface between SiO2 and Al, under release of hydrogen.

On the other hand, generation of H2 (and H2O) in the Al2O3

bulk may proceed by reactions of two hydroxyls which are

in close vicinity, or by (diffusing) atomic hydrogen recom-

bining with a (bonded) hydrogen atom. Note here that the

OH groups in Al2O3 appear to lead to a more effective

hydrogenation than, for example, OH present in deposited or

thermally-grown silicon oxides.

Finally, we note that film blistering, i.e., local film

delamination, may play a role in the observed effusion sig-

nals of H2/H2O. The formation of small circular blisters,

with a typical diameter of 10–50 micrometers and surface

coverage of 5–10%, has also been reported by other authors

after (high-temperature) annealing of Al2O3 films deposited

on Si.55,56 The exact mechanism responsible for film blister-

ing and the key contributing factors are still under investiga-

tion. The cause of blister formation is likely related to local

accumulation of H2 in the film and/or at the interface and an

associated pressure built-up and subsequent effusion of gase-

ous H2/H2O.

D. Surface passivation and hydrogenation

Qualitatively, the effusion results are useful in explain-

ing the evolution of the chemical passivation during anneal-

ing (Fig. 2). We may expect that the lower level of
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passivation obtained for annealing temperatures of �320 �C
can be partially attributed to a low diffusion coefficient of

hydrogen. At high temperatures (>600 �C), the depletion of

hydrogen from the Al2O3 film by H2/H2O out-diffusion will

lead to a reduction of the hydrogen flux toward the Si inter-

face which can affect the passivation. Enhanced dissociation

of interfacial Si-H bonds at relatively high temperatures can

exacerbate the effect of the reduced hydrogen content. In

fact, passivation and dissociation processes take place in par-

allel,20,39 and the equilibrium defect density depends, among

others, on the annealing temperature. Therefore, the anneal-

ing temperature not only influences the availability of hydro-

gen but also critically affects the passivation kinetics at the

interface directly.

As another important conclusion, the influence of the

Al2O3 structural properties on hydrogen effusion corre-

sponded well to the passivation results (see Fig. 5). The

lower thermal stability for hydrogen-rich Al2O3 films (Tdep

� �100 �C) can be related to the significant loss of hydrogen

from the films already at relatively low annealing tempera-

tures (400–600 �C). For these films, the likelihood of

(atomic) hydrogen diffusion toward the Si interface is

reduced by a more open film microstructure which also facil-

itates the formation and release of H2/H2O from the Al2O3

films. On the other hand, the lower thermal stability for

dense Al2O3 films (Tdep > �300 �C) can likely be attributed

to the lower initial hydrogen content of the films. The opti-

mal passivation and thermal stability observed for films syn-

thesized at Tdep¼�200 �C can be related to a beneficial

combination of high mass density and sufficient hydrogen

content. The former controls the diffusion and transport of

hydrogen towards the interface, whereas the latter contrib-

utes to the availability of hydrogen during thermal

processing.

E. Firing stability

The measurements also have implications for Al2O3 films

implemented in solar cells with screenprinted contacts. The

manufacture of these cells involves a firing step at a typical

temperature of >800 �C for a few seconds. Firing generally

gives rise to an increase in the Seff values relative to the values

obtained after annealing Al2O3 at moderate tempera-

tures.6,30,31 The relative decrease in the level of passivation

observed at higher annealing temperatures can be attributed

mainly to a decrease in the level of chemical passivation.11

This corresponds to the results in Fig. 5 for the SiO2/Al2O3

stacks exposed to high temperatures. It is interesting to

observe in Fig. 6 that the films deposited at Tdep¼ 200 �C
release hydrogen up to comparatively high annealing tempera-

tures.6 A clear H2 effusion feature is observable between 800

and 950 �C, which is absent or significantly smaller for the

samples deposited at higher or lower Tdep. The hydrogen

which is released at high temperatures is expected to favour-

ably influence the level of chemical passivation during firing.

V. CONCLUDING REMARKS

Interface hydrogenation and the associated level of Si

surface passivation were found to be strongly dependent on

the annealing temperature and on the Al2O3 microstructure.

Evidence was provided that the passivation kinetics of SiO2/

Al2O3 stacks are not limited by the rate of hydrogen diffu-

sion in the Al2O3 and SiO2 layers for relevant annealing tem-

peratures. However, a transition from a low-density and

hydrogen-rich Al2O3 film to a more dense Al2O3 structure

was shown to significantly affect the passivation properties

and thermal stability. In addition, the Al2O3 microstructure

critically determined the effusion of hydrogen from the films

as a function of the annealing temperature. The variation in

hydrogen effusion was consistently associated with the

observed variations in the chemical passivation during

annealing. For example, the films that showed a high H2

effusion rate already at comparatively low annealing temper-

atures exhibited also a significantly lower thermal stability

of the corresponding passivation. Furthermore, the results

suggested that atomic hydrogen diffusion can take place

already at relatively low annealing temperatures and may

play a role especially for relatively dense Al2O3 films. The

conclusion that hydrogen transport mechanisms and the asso-

ciated interface hydrogenation are critically dependent on

film density/microstructure appears to be general to other

surface passivation materials. Technologically, our findings

can be advantageous for the optimization of passivation

schemes comprising Al2O3 films in high-efficiency silicon

solar cells. The findings in this paper pertaining to the crite-

ria for effective hydrogenation may also have implications

for other technologies, for example for bulk passivation of

(poly) crystalline materials and hydrogenation of transparent

conductive oxides.57–59
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