©CoOoO~NOOPA~WNPE

pss-Header will be provided by the publisher

Review copy — not for distribution

(pss-logo will be inserted here
by the publisher)

Surface passivation for ultrathin Al,O3
layers grown at low temperature by
thermal atomic layer deposition

J. Frascaroli', G. Seguinil, E. Cianci®, D. Saynovaz, J. van Roosmalen?, and M. Perego*'l

! Laboratorio MDM, IMM-CNR, Via C. Olivetti 2, 20864 Agte Brianza (MB), Italy
2 ECN Solar Energy, Westerduinweg 3, NL-1755 ZG Pefilie Netherlands

Received Z2ZZ, revised ZZZ, accepted Z2ZZ
Published online zzz (Dates will pp@vided by the publisher.)

Keywords (Silicon surface passivation, A);, Thermal ALD, Oxide charge, Interface states)

* Corresponding author: e-mail Michele.perego@mdm.imm.cnr.it, Phone: +39 039-6036383Fax: +39 039 688 1175

Thin layers of AJO; with thickness 4 < 8 nm were
grown by thermal atomic layer deposition at low pem

x10" Al {1
ature of 100 °C and applied to achieve functiondiase o[ @ 1o — "
. . . . 11 —=—8nm ! ]

passivation of crystalline silicon substrates. Mees B0 —e—6nm 1

ments of the effective lifetime were performed baac- er o 1 / i J100
terize the surface passivation effect. Lifetimeuesl in 3 a0t 1 :74 1

the range of 0.5 ms were obtained fop@y films with § a0 | :/' 1 /

t.x > 6 nm upon post-deposition annealing (PDA) at 250 Sl s / 1 f J1o
°C in N, atmosphere. However, when the thickness of the 10" L :§§ .y | *
Al,O; films was reduced to 4 nm, lifetime values wel be o, f/.\f—’f . . . . .
low 0.1 ms were observed even after PDA. Combined feen Eo LW E feem o LW
capacitance-voltage and conductance-voltage measure

ments were carried out to extract the amount ofgasws Density of interface states (a) and lifetime (bluea are
located near the silicon-oxide interface and thesiy of reported as a function of the post-deposition alimgpa
electrically active interface states, respectivdliie re- temperature for AD; films of three different thickness

sults of the electrical characterization were usedluci- values: 4 nm, 6 nm and 8 nm.
date the intimate physical mechanisms that govieange
recombination at the AD4/Si interface.
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1 Introduction Surface passivation of crystalline silicorinterface [4,10,11]. This mechanism is particularly

wafers by aluminium oxide processed by atomic layefficient with p-type silicon surfaces since the@y oxide
deposition (ALD) was demonstrated to give very higtharges usually exhibit negative polarity. It isrthonoting
minority carrier lifetimes and consequently verywlo that annealing is always necessary to achieveitfrelével
surface recombination velocities [1-5]. As a reghlbse of surface passivation reported in the literature.

layers were successfully implemented for both pd an The low concentration of defects at the@y/Si inter-
type solar cell device applications [6-9]. The iegsive face is attributed to the diffusion of hydrogennfrthe hy-
performance of aluminium oxide layers is relatedttie drogen-rich bulk of the oxide film to the interfaaad thus
combination of excellent chemical surface passivati saturating the silicon dangling bonds. In additiéh,O;
lowering the interface defect density, and oxidgfred can act as a capping layer preventing the lossy/difdgen
charges located near the semiconductor-oxide aterf from the upper surface during annealing [12-14}e Vkry
The latter effect results in building up a highotdie field high carrier lifetime is strongly related to theid thick-
which is found to shield the minority carriers frotime ness. Thinner layers can be preferred due to their
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vantages related, for example, to shorter processtidns
and possibility of less complicated integrationsipecific

Al,O; thin films. The oxide thicknesses were measured be
fore and after the annealing process by means aiftisp

device structures. However, for /8 deposited by ther- scopic ellipsometry using an M2000-F (J.A. Woolligu.,

mal ALD reducing the layer thickness below 10 nisuits
in a rapid decrease of the lifetime from about 1tanenly

Inc.). A small and constant shrinking (~ 7%) of thigOs
films is observed after the anneal irrespectivehef tem-

a few tens ofus [2,4]. This thickness dependence is exerature. In the following paragraphs data are ntedoas

plained by a substantial increase of the interfdeéect
states, since the oxide charge is demonstrate@nin
constant even for very thin oxides [4,10]. It slibbk not-
ed that in the cases mentioned above, sampledfefedit

function of the film thickness in as depositedestat

2.2 Capacitance-Voltage and Conductance-
Voltage measurements Metal-oxide-semiconductor

Al,O3 layer thickness processed with a particular ALDapacitors were prepared for electrical testinthefALO3

method are annealed at the same temperature irantige

films. Aluminium dots with a nominal area of 0.0@8

typically of 350 - 425°C. Duration times of about 10 — 30were evaporated on the surface of thgdalusing a shad-

min are usually applied at this stage. In this emtion, no
detailed investigation has been reported on theetadion
between annealing temperature and layer thicknegs
respect to the surface passivation properties gdAhyers
below 10 nm.

In this work we focus on the feasibility of a lohet-
mal budget passivation in order to reach a funaticom-
patibility with low temperature solar cell proces$&5-17].
We explore the surface passivation behaviour ofmadit
um oxide films thinner than 10 nm by means of comati
electrical characterization and lifetime measuresenhe
layers were grown at 100 °C by thermal atomic ladegyo-
sition (ALD). The chosen temperature is signifidambw-
er than the typical value of 200 °C applied fosthipe of
ALD-process. The best passivation performance
achieved after a post-deposition annealing (PDA)
250 °C for a relatively short time of 5 min. Thesu# is

ow mask, while the back contacts were fabricateabev
rating a uniform layer of aluminium on the backfaoe of
whe samples. The actual area of the evaporatedidatsf-
terward measured with an optical microscope.
Multi-frequency capacitance-voltage (C-V) and con-

ductance-voltage (G-V) data were extracted from igdm
tance measurements where the parallel capacitande a
conductance were derived from its real and imagipeart
respectively. The frequency was varied from 1 kdZzLt
MHz. Series resistance correction was appliedltmahs-
urements before the C-V and G-V data analysis. The
measurements were performed from inversion to ageum
lation and back from accumulation to inversion teak
the presence of hysteresis loops in the C-V charnatits.

is

at 2.3 Lifetime Lifetime performance and the surface
passivation properties of the aluminium oxide layeere

understood in terms of a decrease of the surfaéectdecharacterized with WCT-120 Silicon Wafer Photocartelu

states in combination with formation of a negativarge
density in the proximity of the AD./Si interface.

2 Experimental details

ance Lifetime Tester from Sinton Instruments. Theas
urements were carried out on double side coateglsam
with a good bulk lifetime (~ 1 ms). A general arsdypro-
cedure was applied which includes the transient thed

2.1 Sample preparation Single and double polishedduasi-steady state modes as two extremes. Thetieéfec
p-Si 4" FZ wafers with a resistivity of 1-8xcm and a lifetime was measured as a function of the excesser

thickness of 280 + 25 um were used for electriterac-
terization and lifetime measurements, respectiveEhe H-

density4n created by the flash illumination with the lamp.
The results are reported for the valuedof= 10*° cm®.

terminated Si(100) surfaces were obtained by standa

cleaning in HCI:HO,:H,O = 1:1:5 solution for 10 min at

T

85 °C followed by 30 sec dip in diluted HF 7o —e—tkHz |70
(HF:H,0=1:50) at room temperature. 600 T leo
The ALO; films were grown by thermal ALD (Savan- —v—1MHz
nah 200 system by Cambridge NanoTech) at 100 “@usi ~ _** 1%~
trimethyl-aluminium (TMA) and HO as precursors. More 2 400 {402
details about the deposition conditions are repoitteref. = <
[18]. In the case of double-sided polished p-Siemsfthe ‘gsoo i 3°§
Al,O; films were grown in a single process on both sides & 200 {20 §
of the wafer in order to avoid any difference betwehe
two Al,O4/Si interfaces. 10 Py W\ 1°
After deposition, the samples underwent a rapid-the 0 sesssennnnnarIXIIlsasatitoccsditttsann o
mal annealing process at temperatures ranging from Y 20 05 00 05

200 °C to 350 °C in Nambient for 5 minutes in order to
study the effect of different thermal treatmentstos elec-
trical characteristics and passivation propertids the

Gate voltage (V)

Figure 1 Multi-frequency (1 KHz, 10 KHz, 100 KHz, and 1
MHz) C-V (black) and G-V (red) measurements for them
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Figure 2 Normalized capacitance-voltage measures acquirgddakHz for different annealing temperatures aridle thickness-
es.
thick oxide sample after annealing at 350 °C foriButes in N

ambient. N : . . : :
1.4x10° | n _m-8nm
3 Results and discussion 1.2x10% o\ DA
3.1 Electrical characterization Multi-frequency C- 1.0x10° |- 1
V and G-V curves were acquired to check for fregqyen 8.0x10" | \\ 1
dependence of the acquired data. The results ©timly- T 6.0x10" |- N 1
sis for the 6 nm thick ADs film are reported in Fig. 1. Be- S 40x10” T XK .
side variations of accumulation capacitance dueinto o 20x10° .\\ .
creased series resistance contribution at higeguéncies, 0.0 : =
the main differences can be observed in the rahgelt 2.0x10% | e~y ]
ages close to depletion. The corresponding petieii-V 4.0x10” | ]
curves let us assign this variation to the eleatiesponse As dep. 200 250 300 350
of interface defect states at different frequenciés den- Tann ()

sity of interface defect stateB;() is determined from the
analysis of the G-V characteristics according ®ndard Figure 3 Plot of Q. derived from C-V measurements as a func-
electrical characterization procedures [19]. Arineation tjon of annealing temperatures for three differaiminium ox-
of the maximum density of traps filled at a gatdtage ide layer thicknesses. Error bars are comparabéenatler in size
corresponding to the half of the silicon band gap lbe ex- than graph symbols.

tracted from the G-V peak position and height udimg

Hill-Coleman approximation [20] at a frequency earr 3.2 Oxide trapped charges and surface states

sponding to the maximum of thedslersusw plot. In our density The C-V curves for the as deposited and annealed

measurements such maximum is observed at a freguesamples as a function of the oxide thickness grerted in
of ~100 kHz. Moreover, the flat band voltage shi¥t, in  Fig. 2. A flat band voltage evolution is observedtie as

the C-V characteristics is indicative of the oxiclearges deposited samples as function of the oxide thicknes

trapped in the AD; film. The C-V experimental curvesMoreover, in all the samples &y, variation is detected
were fitted to theoretical-calculated curves inahgd upon thermal treatment. The observed shifts asge@lto
charge quantization at the silicon surface [21]this way the effective oxide charge according to the follogvequa-
a good estimation of substrate doping, flat bant,sind tion AV, = @ps- Qo Cox, WhereQoy stands for the effective
accumulation capacitance could be extracia.depend- oxide chargeC. is the accumulation capacitance, ahg
ence of4Vy, on the frequency is observed. For these reiadicates the work function difference between thetal
sons all the data analyses, which are reporteaeifidllow- and the semiconductor. It must be pointed out tisitig
ing paragraphs, were carried out at 100 kHz. this method for calculating the effective oxide e an
error in the work function difference between thede
and the semiconductor only leads to a systematic &rat
rigidly shifts the data along th@, direction and the gen-
eral trends are preserved. The C-V curves shol litys-
teresis after the annealing process. The smaléhssis ob-
served in the as deposited samples does not sigmily
affect the extraction d,, data.
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In Fig. 3 theQ,, values for different oxide thicknessedde layer thicknesses. Error bars are comparabéenatler in size
as a function of PDA temperatures are shown. Theeas than graph symbols.
posited samples exhibit a positive oxide chargesithein
accordance with previously reported results for gam 3.3 Surface passivation In Fig. 5 we report the ef-
grown by thermal ALD with a substrate temperatufe &ective lifetime data for different aluminum oxidgick-
100 °C [22]. The amount of positive charges accaegl nesses as a function of PDA temperatures. A segmifi
in the as deposited samples increases with oxidkrtiss, improvement is observed upon thermal treatmenhef&
suggesting that either the positive charges aréommiy and 8 nm thick AlO; passivation films. The increase is
distributed within the oxide layer or a progressof@rge about one order of magnitude compared to the assitep
accumulation close to the interface occurs durirgdepo- state due to the reduction of thegand the changing of
sition. Upon annealing in Nambient a progressive reducthe Qy from high positive values to a substantially naitr
tion of the positive charges within the oxide issetved condition Effective lifetimes of 0.5 ms have been reached
until a negative build-up charge is induced inta# sam- for 8 nm thick AbO; passivating layers after anneal at
ples for annealing temperatureg, ;= 300 °C. The nega- 250 °C. The best result achieved is 0.66 ms wharee
tive charge accumulation upon annealing at 350 $C sponds to effective surface recombination velo(BRV)
comparable to previously reported data for theriiaD- Ser ~ 8 cm/s. This passivation performance is the eang
grown samples [23]. Since the amount of effectiegaa Suitable for low temperature solar cell device aapions
tive charge accumulated in the, @ films after the 350 °C [16]. However, the 4 nm thick ADs films do not change
PDA treatments does not change with the oxide tiesk significantly in passivation properties when tengpere of
we can conclude that the negative charges arecldcivse 250 °C is used. Upon further increase to 350 °Clitee
to the oxide-semiconductor interface, which isrialiwith time decreases by one order of magnitude comparéuet
other reports [10]. initial state. The degradation of the lifetime \edun sam-

It is worth noting that the C-V measurements ofd a ples thinner than 6 nm is consistent with previpusport-
6 nm thick ALO; films show a bump near the depletion reed data [2,4]. This effect is usually ascribedHe loss of
gion of the curves after thermal treatment at, ¥ 300 °C. chemical passivation that the thinner samples éapes
As previously discussed, these features in the €sives upon annealing. To fully explain the lifetime resulan in-
measurements indicate the presence of electrieaflive terplay between th®; and theQ,, data has to be consid-
interface traps. The analysis of the G-V charasties al- ered. Surprisingly, the 4 nm thick A film after anneal-
lows a proper quantifying of the corresponddgvalues. ing at 250 °C presenfs; and Qo values which are essen-
In Fig. 4 theD;; values for different oxide thicknesses as tally equivalent to those measured in the 6 amen8thick
function of PDA temperatures are shown. A sligltue Al,O; samples. These results suggest that, at this ngea
tion of theD;; is observed upon annealing at 200 - 250 °@&mperature, other phenomena have to be considensd
However, a strong increase in thg values is observed af-der to account for the loss of passivation effache 4 nm
ter the 300 °C thermal treatment for the samplésnér thick Al;Oz film. As discussed in the previous paragraph,
than 8 nm. The effect is most pronounced for theeki the samples annealed af,J= 350 °C exhibit the san@,,
layer thickness of 4 nm. This behaviour suggedtsa of values around -2 x bcm? irrespective of the thickness
chemical passivation in the thinnest oxides &t 300 °C. of the film, in agreement with data in the liter&t10].

For Qo < -5 x 10* cmi? lifetime scales withQ, and the

field effect passivation is expected to be theidgvforce

x10°F g’ gnm ' ' ' A that determines effective passivation, relaxing réuire-
ox10"' - —e—6nm . ments on théD; [11]. For this reason the increasBd in
gx1o [ A4 ] the 6 nm thick AIO; film does not induce a significant
7x10" [ - degradation of the lifetime, especially since (g value
~ ex10" [ i remains about one order of magnitude higher BgnOn
N% 5x10" |- ] the contrary, in the 4 nm thick AD; film a further increase
E a0 [ A of theD;, ~ 1 x 16°cm®eV* strongly affects the lifetime
e 0" | o ] of the minority carriers suggesting that the fieffect pas-
10" | ] sivation induced by th@,, accumulation in the ADs film
» u cannot compensate the loss of chemical passivatisoci-
x0T O : . i . .
ol ~g— . ated with the increasdn,. For the 8 nm thick AD; film a
' ' ' ' : very low D; value is obtained after annealing at 200-
As dep. 200 250 300 350

I o) 250 °C and this is preserved fog,J> 300 °C. After the
ann 350 °C PDA the level of negative oxide charge ghber

than for the 250 °C PDA. This variation of thg,@oes not
Figure 4 Plot of D;; derived from G-V measurements as a fungorrespond to a further increase of the lifetimeiealt is

tion of annealing temperatures for three differ@iiminium ox- \yorth to notice that the low Devel obtained for the 8 nm
thick oxide sample implies the presence of a vamnytéd

Copyright line will be provided by the publisher
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number of recombination centres at the interfadeera-
fore, the reduction of the minority carrier concation at
the semiconductor interface, provided by the fieffidct
passivation, does not induce a further increagbarover-
all level of surface passivation.

1000 ]
[ —A—4nm / & ]
100 | i 4

of ;

Effective Lifetime (us)
\.j\
3

As dep. 200 250 300 350
Tann (*C)

Figure 5 Lifetime values for different oxide thicknesses as

function of annealing temperatures.
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