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Abstract

Functional passivation of high resistivity p-type c-Si wafer surfaces was achieved using 10 nm Al,O5 layers and low
temperatures for both the thermal ALD process and post-deposition anneal. Effective lifetime values higher than 1 ms
were measured at excess carrier density 47=10"° ¢cm™. This result was reached in combination with temperatures of
100 °C and 200 °C for the Al,O; layer deposition and anneal, respectively. The Al,Os/c-Si interface was
characterized using conductance-voltage and capacitance-voltage measurements. In particular, significantly reduced
interface density of the electrically active defects D;, ~ 2 x 10" eV''em™ was detected, which enabled excellent
chemical passivation. The measured density of fixed charges at the interface, Oy after anneal were in the range +1 x
10" to -1 x 10" cm™ indicating that both inversion and accumulation conditions result in relevant field-effect
passivation using Al,O3 layers and low temperature processes. Numerical simulations on representative test structures
show that the uniform Q; effect can be understood in terms of a surface damage region (SDR) present near the
interface in combination with asymmetry in the lifetime of holes and electrons in the SDR. The combination of low
processing temperatures, thin layers and good passivation properties facilitate a technology for future low
temperature solar cell applications.
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1. Introduction

Passivation schemes utilizing Al,0; ALD layers have demonstrated high performance levels on both
p- and n-type ¢-Si surfaces of suitable doping levels for high efficiency solar cells [1, 2]. The key factor in
this respect is the combination of chemical passivation enabled by low interface state defect density (D),
typically 1 x 10" eV"'em™ and field-effect passivation due to a large amount of fixed negative charges
(O in the range of (2 — 6) x 10'* em™ located at the Al,Os/c-Si interface [3-5]. Both D;, and Oy can be
significantly influenced by the type of ALD, oxygen precursor, post-deposition anneal (PDA) step and
film thickness [6, 7]. Thermal ALD (T-ALD) using H,O as oxygen precursor represents a particularly
suitable method for low temperature applications. In particular, comparisons with plasma ALD or T-ALD
with O3 show that in as-deposited state typically at 200 °C the D;, values using thermal ALD with H,O are
lower by two orders of magnitude. As a result the passivation at that stage is better for the latter approach,
even though the corresponding Q; values are reduced by a factor of 10 [3] compared to the other two
methods. This trend is also reported for PDA temperatures up to 350 °C applied for 10 min [6]. In spite of
the demonstrated impressive surface passivation results with effective recombination velocities < 5 cm/s
the processing conditions are not suitable for low-temperature solar cell technologies, such as silicon
heterojunction technologies. With respect to thickness, Al,O5 layers deposited by thermal ALD with H,O
below 10 nm result in a rapid lifetime decrease from about 1ms to only a few tens of ps [6-8]. The effect
is attributed to reduced chemical passivation and demonstrates the performance sensitivity towards the
passivation scheme design.

This paper presents an investigation of the passivation on high resistivity p-type c-Si wafer surfaces by
Al,O; layers with thickness of 10 nm and our focus is on low temperature processes for both thermal ALD
and PDA. The characterization comprises effective lifetime measurements on symmetrical samples as
well as D, and O, evaluation using metal-oxide-semiconductor capacitors. In addition, numerical
simulations on representative test structures have been carried out. The results are compared with the
experimental data in order to gain a better understanding of the physical mechanism of the passivation
performance and identify further improvement options for the performance of the Al,Os layers in low
temperature solar cell applications.

Nomenclature

Oy fixed charges at the dielectric layer/c-Si interface

Dy, interface state defect density

T effective lifetime measured using photo-conductance method

An excess carrier density in the quasi-neutral region (bulk) of the silicon wafer

Sepmax  maximum surface recombination velocity assuming infinite bulk lifetime, Sp;< W/2 7,5

w wafer thickness

Nyce dopant concentration of p-type silicon wafer

S, S, surface recombination velocity for holes and electrons, respectively. S,=o,vsN;; and S,=o, V.
T, Ty life-time of holes and electrons in the surface damage region

Ty, Ty, life-time of holes and electrons

0, 0,  capture cross section at the interface of holes and electrons, respectively
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Ny interface defect density

Vi thermal velocity of of the charge carriers (10" cm s™)

ps 1 hole and electron concentration at the surface, respectively
p1, np  density of defects at midgap

Sepr effective surface recombination velocity

Miseff effective intrinsic charge carrier density

2. ALOj/c-Si interface - electrical characterization and passivation results
2.1. Experimental details and characterization methods

The 10-nm-thick Al,O; films were obtained by thermal ALD using Al(CHj);, trimethyl-aluminum
(TMA), and H,O as precursors at 7, p ranging between 100 °C and 200 °C. The TMA and H,0O exposure
times were 0.015 s, the N, purge time following both reactant exposures was 8 s. The growth per cycle at
100 °C was 1.0 A/cycle, increasing to 1.1 A/cycle at 150-200 °C. After the ALD process the films were
subjected to a heat treatment in a rapid thermal anneal (RTA) furnace for 5 min in N, atmosphere. The
corresponding temperatures for this step were Tpp, of 200 °C or 250 °C. Al,O; films were deposited
simultaneously on both sides of H-terminated double-side polished p-type float zone FZ<100> Si wafers
(resistivity 2-4 Q cm, thickness 280 + 25 pm). This deposition scheme allows avoiding any difference
between the two ¢-Si/Al,O; interfaces. The film thickness was measured by spectroscopic ellipsometry.

The H-terminated Si (100) surfaces were obtained by means of standard cleaning in a
HCI:H,0,:H,0=1:1:5 solution for 10 min at 85 °C followed by a 30 s dip in diluted HF (HF:H,0=1:50) at
room temperature.

Dedicated single sided deposition processes on H-terminated single-side polished p- and n- type ¢-Si
were performed to fabricate the metal-oxide-semiconductor (MOS) capacitors for electrical
characterization of the Al,Os/c-Si interface and evaluation of Oy and D,. The metallization of the MOS
structures was obtained by evaporation technique. The front side coated with Al,0; was contacted via Al
dots of 0.08 mm’ area patterned using a shadow mask. Full Al layer deposition was applied to the
opposite side. Capacitance-voltage (CV) and conductance-voltage (GV) measurements were acquired
simultaneously at 100 kHz in a dark environment in a shielded probe station at room temperature. The
measurements were performed from inversion to accumulation and vice versa to check the presence of
hysteresis loops in the CV characteristics. Series resistance correction was applied to all measurements
before the CV and GV data analysis [9].

The functionality of the surface passivation using Al,O; layers was monitored by effective lifetime
(75 measurements on double side-coated samples as a function of the excess carrier density (4n) using a
WCT-120: Silicon Wafer Lifetime Tester from Sinton Instruments in transient or quasi-steady state mode
[10].

2.2. Experimental results and discussion
An overview of the passivation by Al,O; films monitored using effective lifetime measurements and

the interface properties characterized via O and D;, evaluation is shown in Fig. 1. The reported lifetime
results are averaged within each group with error bars representing the standard deviation. An experiment
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group contained 2 samples. The result for each sample was averaged over 5 measurements. The plot data
for Oyand D, are the average values from two different sweep directions: from inversion to accumulation
and vice versa. The CV and GV measurements were of high reproducibility with essentially the same
results for several capacitors and error bars comparable to the size of the symbols in the graph of Fig. 1.
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Fig. 1 Plot of the variation with the deposition temperature 7, of effective lifetime values, interface defect density D, and the fixed
charge Oy. The results shown are for two different anneal temperatures 7pp,

The results show that the temperatures used for both ALD and PDA processes have an influence on the
passivation performance of the Al,Os films and the characteristics of Al,Os/c-Si interface. However, the
higher impact was found for the ALD conditions. Effective lifetimes > 1 ms have been achieved even for
the lowest deposition temperature of 100 °C. PDA at 250 °C shows higher and more stable results
compared to 200 °C with (1.24+0.02) ms vs. (1+0.15) ms, respectively. Those values are comparable to
other reports about thermal ALD Al,O; layers of 10 nm applied for passivation of (100) p-FZ wafers in
the resistivity range 1.5 — 2.5 Ohm.cm [6, 7]. Nevertheless, in our case the temperatures for sample
preparation were significantly reduced, both in terms of deposition (200 °C mentioned in the reports) and
anneal (reference range between 350 °C and 425 °C for 10 — 15 min). In this way the overall process
conditions for the Al,O; passivation layers in the current study are compatible with low-temperature solar
cell technologies. The corresponding D, values after anneal are 1-2 x 10'° eV'em™ and significantly
lower than the literature reports of 4 — 10 x 10'° eV"'em™. The chemical passivation is the most sensitive
factor when the film thickness of the ALD Al,O; is considered [5, 7]. Higher 7;p of 200 °C substantially
reduced the effective lifetime to ~200 pus for both anneal temperatures. Simultaneously D;; increased to 1
x 10" eV'em™. In this way the passivation was at the lowest level, although Oy, as discussed in more
details below, reached the highest negative values of (1 + 0.4) x 10'* cm™. This result suggests that D;,
values below 1 x 10'" eV"'cm™ are needed for the achievement of high lifetime values and the interface
optimization is essential for further improvement of the low temperature passivation employing thin
Al,O; layers. Concerning the field effect passivation, increasing the PDA temperature from 200 °C to 250
°C the sign of O, changed from positive to negative for both deposition temperatures of 100 °C and 150
°C. In case of ALD process at 200 °C the resultant O was already negative and the anneal did not have a
significant additional impact. The best negative Oy of (1 + 0.4) x 10"* cm™ was in the lower range of the
typical literature data ~(1 — 4) x 10'? cm™. However, higher anneal temperatures have been employed for
the quoted examples. The exact mechanism of the impact on O, of the thermal treatment is not fully
clarified at present and needs further investigation of the chemical and structural properties of the
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Al,O5/c-Si interface. In particular, the cause for the change of the O, sign from positive to negative for the
samples with 7,5 < 150 °C and Tpp,= 250 °C can be identified by performing a depth resolved element
composition quantification of the Al,Oj; layers. Earlier reports show that Al-rich configurations with high
amount of Al; yield positive O, whereas negative O, values correspond to O-rich structures with enhanced
O; and Al vacancies [7, 11-13]. Electron energy-loss spectroscopy can also be applied to investigate Al
energy-loss near-edge structures (ELNESs) and extract information about tetrahedrally and octrahedrally
coordinated Al atoms in the Al,O; films [14]. The first bonding environment for Al corresponds to a
negative charge while in the latter case the charge is positive [15, 16]. Another important factor
influencing the Oy in case of Al,Os layers is the interface SiO, which can be monitored using high
resolution transmission electron microscopy images (HR TEM) [7, 17, 18]. In the present study we
measured effective lifetime values > 1 ms at deposition temperatures below 200 °C for both positive and
negative Q. The best passivation in terms of lifetime values ~ 1.2 ms and low spread of the results was
achieved for negative Orand accumulation conditions.

The observation that at deposition temperatures lower than 200 °C the measured lifetime values are not
strongly dependent on the sign and magnitude of the O, requires further investigation. The total impact of
Oy depends also on the density of the interface states and on the lifetime of the charge carriers in the wafer
region close to the interface. With respect to the latter contribution it has been proposed in the literature
[19, 20] that application of passivation layers may result in a so-called surface damage region (SDR)
where the charge carrier lifetime is significantly lower than in the bulk of the wafer. In the next section
numerical simulations are presented that include effects at the interface and in the SDR to explain why O,
with different sign and magnitude can have a similar impact on the passivation.

3. Numerical simulations
3.1. Approach

The modeling of the passivation properties of the Al,O; layers on ¢-Si surface is based on the well-
known Shockley-Read-Hall formalism [21, 22]. The recombination at the interface is then written as:

Ps M5 — niz,eff

Rit =
(1/S,)(ng + 1) + (1/S,) (ps + p1)

M

The parameters S, and S, characterize the recombination at the interface defects. The charge density O,
will have a large impact on n, and p,. On p-type c-Si negative O, will induce accumulation of holes at the
interface, and positive charges will induce either depletion of the holes or even inversion conditions
where n; > p,.

Surface
Al,0; dielectric/ _ | [ETPrares

passivation layer G 5-DSP Si bulk, Ty
ToNS

SE2 sC

Interface S,
(Se Spr Per 15)

Fig. 2 Representative test structure used for the numerical simulations
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The effect on the carrier concentrations in is not limited to the interface but comprises a whole space
charge region (SCR), the depth of which depends on the dopant concentration of the c-Si. For doped ¢-Si
wafers SCR is typically less than 1 um. As explained at the end of the previous section, in a SDR the
lifetimes are reduced as compared to the bulk. Therefore, this region can contribute substantially the total
recombination, and the contribution will depend on the sign and magnitude of O, [19, 23]. The
recombination rate in the SDR is written at each point z (representing the distance to the interface) as:

p(2)n(2)—nf s
Tsp (n (Z)+n1)+'[s,n p(2)+p1)

Rspr(z) = 2)

with 7, , and 7, being the hole and electron lifetimes in the SDR and #; and p, defined as before. The
passivating effect of Oy can be characterized by S, which is defined by:

Seff An = Rit (ns' DPs» Sntsp) + fRSDR (Tl(Z), p(Z) Tsn» Ts,p)dz (3)

with An being the excess carrier density directly outside the surface damage region.

Numerical simulations using the Atlas software from Silvaco [24] have been carried out to investigate
the relative contributions to S, for various Oy values. A representative test structure depicted in Fig. 2 was
used. In the simulations the structure is illuminated by a monochromatic light with A=500 nm.

The acceptor concentration in ¢-Si was fixed at 5-10'> cm™ corresponding to a resistivity of 2.8 Ohm
cm. The SDR region had a width of 300 nm which at this resistivity is large enough to contain the space
charge region. It was assumed that the lifetimes are constant over the whole SDR, i.e. in the simulations
the lifetime of electrons and holes is a step function with a step at 300 nm from the interface. The
effective lifetime in the SDR was adapted to the experimental results (see below). For the bulk lifetimes
Typ = Ton = 2 ms were assumed.

3.2. Simulation results and discussion

The experimental data considered for the numerical simulations correspond to Al,O; deposition
temperatures at 100 °C and 150 °C. The selection is suitable for understanding the effect of variations in
the field effect passivation, because the O values change from positive to negative depending on the
anneal conditions. At the same time D, remained comparable in the range of 1-2 x 10" eV'ecm?
providing for a high level of chemical passivation. Experimental results for the maximum surface
recombination velocity S.; .y as function of the excess density are displayed in Figure 3a. The Sy
was calculated from the measured effective lifetime values and assuming infinite bulk lifetime. The
corresponding O, values are also included.
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Fig. 3 (a) Experimental results for the maximum surface recombination velocity (Sesasix) Vs. excess carrier lifetime, (b) calculated
Sy vs. excess carrier lifetime without SDR, (¢) numerical simulation results for S, vs. excess carrier lifetime including SDR and
assuming similar lifetime values for electrons and holes, (d) model results for S.; vs. excess carrier lifetime including SDR and
difference by a factor of 20 in lifetime values for electrons and holes

The results of simulations without a SDR (i.e. 7,, = 7,,= 2 ms) are shown in Fig. 3b. The limiting
values in Fig. 3b at low injection are consistent with using S, = S, = 600 cm s". These values were
selected such that the average value of the calculated S,; is in the same order of magnitude as the
experimental values in Fig. 3a. Although Fig. 3b shows that Oy with similar magnitude but opposite sign
can result in the same passivation, this approach overestimates the dependence on the magnitude of Q.

Fig 3c shows the calculated S, when it is assumed that both the SDR and the interface contribute to
the recombination. Compared to Fig. 3b the interface contribution (Eq. 1) is now reduced. i.e. S, = S, = 60
cm s'], and the SDR is modeled with z,, = 7,,= 2 ps. A good agreement could be obtained between the
calculated and experimental data for the two negative charges, i.e. the cases where accumulation occurs
and 7, determines the recombination (Fig. 3¢) The positive charges induce inversion conditions and this
can result in high recombination rates in the SDR especially at low injection conditions (Fig. 3c).
However, the latter effect is not prominent in the experimental results (comparison between Fig. 3a and
Fig. 3c). The effect of inversion conditions is mitigated by assuming z;, > ;.. Fig. 3d shows the results of
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simulations using S, = S, = 60 cm s, 7,,= 2 ps and z,,= 40 ps. Comparison of Fig. 3a and Fig. 3d shows
that with the assumptions made above the both the order of magnitude of S, as well as the relatively
weak dependence on the sign and magnitude of O, can be explained.

The assumptions made here are consistent with both the results for the D, discussed above and with
data from the literature. When it is assumed that the electrically active interface defects yielding the
experimentally obtained D;; are the main source for contribution to N;;, the resultant values for the electron
and hole capture cross sections are in the order of 6x10™'° cm”. This is in excellent agreement with values
reported by Werner et al. for Al,0;/c-Si interfaces [20]. As mentioned earlier, the presence of a SDR was
proposed by Steingrube et al.[19] to explain the passivation properties of SiN,/c-Si interfaces and also
used to by Werner et al. to describe the passivation at Al,05/c-Si interfaces. In both papers an asymmetry
T,p = Ton Was assumed which was further corroborated by capture cross section measurements of Werner
et al. at interface defects. It should be noted that the type of samples in our study comprising high
resistivity p-type c¢-Si DSP wafers may facilitate higher performance sensitivity towards SDR-related
effects.

An independent characterization of the SDR region is not yet available, i.e. it has not been established
which type of damage has been incurred during the processing of the wafer. A tentative explanation for
the presence of an SDR by Steingrube et al. is based on experimental observations that during layer
deposition or during the preceding etching step hydrogen is introduced into the ¢-Si. High concentrations
of hydrogen may then form active recombination centers. The simulation results suggest that reduction of
the damage, leading to increased lifetime in the SDR while keeping the interface N, at sufficiently low
level, would further improve the passivation properties.

4. Summary and conclusions

A high level of passivation of AlOj/c-Si corresponding to 7, ~ 1 ms was achieved at low
temperatures for both ALD and PDA processes (T < 200 °C). The passivation mechanism was
characterized based on D and O, evaluation from CV and CG measurements and numerical simulations
on representative test structures. The passivation performance of Al,O; layers in our study was dominated
by the deposition temperature rather than PDA conditions. A similar trend was found for the measured
electrically active D;,. This is an indication of the significant impact of the chemical passivation in case of
low temperature process conditions. A considerably lower influence was found for the sign and
magnitude of Orand thereby the field effect part of the interface passivation. Numerical simulations show
that the latter result cannot be understood from the recombination properties at the interface alone. The
computation results strongly suggest that there is a substantial contribution from a surface damage region
near the interface. This SDR is characterized by a reduced lifetime of holes and electrons, with a stronger
reduction for electrons than for holes. These findings are consistent with recent literature reports. Based
on the combined experimental and simulation results further improvement options were identified such as
reduced layer thickness and dedicated interface optimization in order to facilitate future applications in
low temperature solar cells.
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