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Detailed Investigation of Surface Passivation Methods
for Lifetime Measurements on P-Type Silicon Wafers
Kevin L. Pollock, Johannes Junge, and Giso Hahn

Abstract—The effect of ﬁve different common surface passivation techniques on the measured bulk lifetime values of multiand monocrystalline p-type silicon wafers was investigated. Mono[Czochralski (Cz) and ﬂoatzone (FZ)] and multicrystalline [mc
and edge-deﬁned ﬁlm-fed growth (EFG)] silicon wafers were either deposited with a dielectric passivating layer of SiNx , Al2 O3 ,
or amorphous silicon (a-Si) or were passivated chemically with
0.08 M iodine–ethanol (IE) or 0.07 M quinhydrone–methanol (QM)
solutions. The temporal stability of annealed and nonannealed Cz
wafers that were passivated with QM and IE was tested. The lifetime values of EFG, mc, and FZ wafers that were subjected to
repeated QM passivation and mc wafers that were subjected to IE
passivation without a surface etching between passivations were
found to decrease with each passivation. Lifetime values of a set
of 11 mc wafers that were passivated with Al2 O3 were found to
decrease about 30% after a period of four weeks in darkness. The
decrease was reversible by annealing the samples. The lifetime values of annealed Cz samples that were passivated with Al2 O3 and
a-Si were found to decrease by >20% within 5 h of annealing. Subsequent tests on 200-Ω·cm FZ material did (for a-Si) and did not
(for Al2 O3 ) show surface passivation degradation over this time
period. Neighboring mc wafers were passivated dielectrically or
wet chemically with IE or QM and characterized with photoluminescence imaging. All mc wafers that were subjected to dielectric
passivation methods that include annealing at 400 ◦ C displayed a
greater area of high lifetime values but fewer areas of very high lifetime values, providing visible evidence of internal gettering and/or
defect redistribution.
Index Terms—Photoconductance, silicon wafers, surface passivation.

I. INTRODUCTION
ANGLING silicon bonds on silicon wafer surfaces are a
major source of recombination centers and must be passivated if meaningful bulk lifetime measurements are to be obtained. Good temporal passivation stability, high effective lifetime values (low surface recombination velocity), and minimal
effects on the wafer bulk (e.g., reduction of [Fei ] by clustering
at elevated temperatures) would be provided by an ideal passivation method for wafer characterization. In practice, different
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passivation methods provide these qualities to, respectively, better or worse degrees. The dielectric passivation methods Al2 O3 ,
SiNx , and a-Si are investigated in this paper along with the wet
chemical passivation methods quinhydrone–methanol (QM) and
iodine–ethanol (IE). Thermal and plasma-assisted atomic layer
deposition (ALD) of Al2 O3 has shown promise as a new method
of wafer passivation in the laboratory and industry [1]. SiNx is
widely used in industry for passivation of solar cells because of
its dual antireﬂection and surface passivation properties [2]. Passivation with a-Si allows deposition and annealing temperatures
of 300 ◦ C or less (see [3]). Wet chemical passivation methods
such as IE and QM offer the advantage of greater reversibility,
as wafers can be passivated mid-processing without depositing
a dielectric layer that subsequently must be etched away, but
also have been seen to degrade wafer quality after wafer rinsing
(see Section III). Since the development of IE passivation [4],
[5] as a viable method for silicon wafer surface passivation, QM
has been shown to offer more stable passivation than IE with
better passivation quality in most cases [6], [7]. Speciﬁc process conditions are extremely important in the ﬁeld of silicon
wafer passivation, making the results in this paper speciﬁc to
the processes and conditions described.
II. EXPERIMENTAL DETAILS
All wafers that are used in this investigation are p-type wafers.
Al2 O3 deposition was performed at 200 ◦ C using remote plasma
ALD in a FlexAL tool from Oxford Instruments using trimethylaluminum and oxygen plasma, resulting in a refractive index
of 1.7 at 630 nm. All Al2 O3 -passivated wafers were annealed
after deposition at 400 ◦ C for 30 min to activate the passivation. 30-nm-thick intrinsic a-Si layers were deposited on all
a-Si-passivated samples at 225 ◦ C by remote plasma enhanced
chemical vapor deposition (PECVD) in a PlasmaLab 100 tool
from Oxford Instruments using SiH4 gas, resulting in a refractive index of 3.95 at 630 nm. All a-Si wafers were annealed
after deposition at 300 ◦ C for 10 min. SiNx deposition using
SiH4 and NH3 was performed at 450 ◦ C using a low frequency
direct PECVD method with deposition parameters similar to
industrial solar cell application, resulting in a refractive index
of around 2.1 at 600 nm (Centrotherm E2000 HT, 40 kHz).
QM and IE experiments were conducted using a 0.07-M quinhydrone solution in methanol and a 0.08-M iodine solution in
ethanol, respectively. Wafers in wet chemical passivation trials
were ﬁrst treated in a warm (∼80 ◦ C) 3:1 H2 SO4 :H2 O2 solution
for 10–15 min; then, after a DI H2 O rinse, they were dipped in
5% hydroﬂuoric acid (HF) for 1 min, followed by another DI
H2 O rinse. The passivation was achieved by sealing the wafer
in a plastic bag with a small amount of the passivating solution.
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All wafers were etched in a CP6 damage etch bath solution (50% HF, 99% acetic acid, 65% nitric acid solutions in a
11:26:163 ratio), creating a ﬂat wafer surface (no surface texturing present, as is typically used for the front side of solar
cells), and then cleaned prior to passivation using standard industry cleaning procedures (3% HCl and 1% HF solutions). If
denoted as RCA, wafers were additionally cleaned using the
RCA cleaning method [8], [9]. All Czochralski (Cz) wafers
were degraded for 17 h under illumination at 45 ◦ C prior to
passivation trials to ensure uniform development of boron—
oxygen (BO) recombination centers in each wafer. All pregettered multicrystalline (mc) wafers were subjected to a one-step
POCl3 emitter diffusion (for lab-type solar cells) at temperatures
around 820 ◦ C after CP6 etching, resulting in a sheet resistance
of 80–100 Ω/sq. Quasisteady-state photoconductance (QSSPC)
measurements were performed using a WCT-120 wafer lifetime testing instrument from Sinton Consulting, with optical
constants derived from in-house measurements and using an
intrinsic carrier concentration ni = 8.6 × 109 cm−3 . Transient
mode QSSPC measurements exhibiting lifetime values above
1 ms were an average of six successive ﬂashes with a delay of
1 s between ﬂashes; all other QSSPC measurements were single ﬂash measurements. Microwave-detected photoconductance
decay (μPCD) measurements were carried out using a Semilab
WT-2000 μPCD device.

Fig. 1. Time-resolved QSSPC lifetime measurements (quasisteady-state
mode) of Cz wafers that were passivated with wet chemical passivation methods. All wafers were subjected to light-induced degradation before passivation
to ensure uniform BO complex creation. Samples that are marked with “A”
were subjected to a 15 min 200 ◦ C anneal step in darkness prior to passivation,
in contrast with samples that are marked with “NA,” which were not annealed.

III. RESULTS
Each individual data point in each graph represents a single
measurement of a single wafer, except Fig. 4, in which each
data point is an average of 11 measurements. The CP6 etching
procedure may lead to slightly different ﬂatness of the wafer
surface for different materials, which might have an inﬂuence
on surface passivation. Therefore, ﬂoatzone (FZ) wafers are only
compared with FZ wafers, Cz to Cz, etc.
A. Passivation Stability Issues
Six Cz wafers (B-doped, 2.5 Ω·cm, 160 μm) were passivated
with QM (three wafers) or IE (three wafers). One wafer from
each group of three was annealed in darkness at 200 ◦ C for
15 min before passivation, whereas the remaining four samples were passivated without a prior anneal step. Time-resolved
QSSPC lifetime values were measured directly after passivation. QM and IE samples that were not subjected to the anneal
step showed a ﬂat trace of low lifetime values. The annealed QM
sample exhibited a characteristic [6] passivation trace in which
the measured lifetime values rose steeply within 15 min of passivation and, thereafter, remained stable. The annealed IE sample also showed a characteristic [6] passivation trace in which
the highest lifetime value was achieved at t = 0, after which
the measured lifetime values decreased (see Fig. 1). Although
both annealed wafers were subjected to BO complex formation,
only the IE-passivated annealed wafer showed a signiﬁcant decrease in measured effective lifetime. The low lifetime values
of the nonannealed samples are attributed to BO recombination
centers that are formed during the prepassivation illuminated
degradation process (see Section II).

Fig. 2. Time-resolved QSSPC lifetime measurements (a-Si wafers:
Quasisteady-state mode; Al2 O3 wafers: Transient mode) of Cz wafers that
are passivated with dielectric methods measured directly after annealing.

Four Cz silicon wafers (B-doped, 2.5-Ω·cm, 160 μm) were
passivated by dielectric passivation methods (two with Al2 O3
and two with a-Si), as described previously. Time-resolved
QSSPC lifetime measurements that were conducted after the
passivation layer deposition and annealing step revealed a steady
decrease in lifetime values for all samples within 5 h of the ﬁrst
measurement, which was conducted immediately after the sample annealing (see Fig. 2). Samples that are passivated with a-Si
showed a faster rate of lifetime degradation than samples that
are passivated with Al2 O3 .
To better elucidate the cause of the lifetime decrease shown
in Fig. 2, eight FZ samples (B-doped, 200-Ω·cm, 220 μm)
were deposited with Al2 O3 or a-Si in groups of four. Within
each group of four, two wafers were cleaned with the HCl/HF
cleaning method and two were additionally cleaned by applying the RCA method. The wafers were annealed as described
previously, and time-resolved QSSPC lifetime values were measured. The Al2 O3 passivation displayed temporal stability, with
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Fig. 3. Time-resolved QSSPC lifetime measurements (transient mode) of FZ
samples cleaned with the HCl/HF and RCA methods and passivated with a-Si
(top) and Al2 O3 (bottom) measured directly after the anneal.

an average lifetime value decrease of 5% after 5 h. The a-Si
passivation was not as stable, with an average lifetime value
decrease of 32% after 5 h (see Fig. 3). Since the measurements
were made with FZ wafers, the degradation which is seen cannot
be due to BO complex formation, and, thus, must be because
of degradation of the surface passivation layer. This suggests
that the degradation on Cz wafers shown in Fig. 2 is mainly
because of BO complex formation in the Al2 O3 samples, and a
combination of BO complex formation and surface passivation
degradation in the a-Si samples, which may explain why the
lifetime values of the a-Si samples that were shown in Fig. 2 decreased signiﬁcantly faster than the lifetime values of the Al2 O3
samples in the same ﬁgure.
Six mc silicon wafers (B-doped, 1-Ω·cm, 300 and 180
μm) were dielectrically passivated in sets of two with Al2 O3 ,
a-Si, or SiNx , as described previously. Minority charge carrier
lifetime values were recorded by QSSPC at an injection level of
2 × 1015 cm−3 directly after annealing. The wafers were then
stored in a dark environment for 13 days and lifetime values
were remeasured. Al2 O3 and a-Si samples displayed a signiﬁcant decrease in lifetime values from day one to day 13, whereas
SiNx -passivated samples displayed no decrease in lifetime values in the same time period. After 26 days in a dark environment,
the a-Si samples were remeasured before and directly after repeating the initial annealing step. After the second annealing

step, lifetime values increased to near or over the original values (see Table I).
To further investigate the Al2 O3 degradation seen in Table I,
11 pregettered mc (B-doped, 1 Ω·cm, 180 μm) wafers were
coated with Al2 O3 and annealed as described previously, and
QSSPC lifetime measurements (injection 1015 cm−3 ) were obtained over a period of 57 days (see Fig. 4). Wafers were kept in
darkness between measurements. After 27 days, lifetime measurements revealed an average drop of 60 μs, to 71% of the
original lifetime value. All wafers were then annealed a second
time, after which the average lifetime value rose to 103% of the
value that was measured on day one. 29 days after the second
anneal, lifetime measurements showed an average drop of 75 μs,
to 65% of the value that was measured after the annealing on day
28. The mechanism of the Al2 O3 degradation on mc material is
up to now unclear, pending further investigation.
μPCD minority charge carrier bulk lifetime values of an mc
silicon EFG wafer (B-doped, 2.5 Ω·cm, 280 μm) which had
been subjected to repeated QM passivation trials were determined. The wafer was passivated with QM as previously described in Section II and lifetime values were measured, after
which the wafer was rinsed of quinhydrone using a four-beaker
“methanol cascade” method [10]. The process was repeated ﬁve
times without cleaning using an HCl/HF process and without
chemically etching silicon off of the wafer surface between each
passivation treatment. The average measured lifetime value of
the wafer decreased with each trial (see Fig. 5). This decrease
is attributed to quinhydrone residues that stay on the wafer even
after a methanol rinsing step and which can diffuse into the
surface layer of the wafer.
To further elucidate the trend of decreasing lifetimes with
repeated QM passivation, two mc wafers (B-doped, 1 Ω·cm,
200 μm) and two FZ wafers (B-doped, 200 Ω·cm, 250 μm)
were subjected to QM passivation as previously described in
Section II and lifetime values were measured using μPCD and
QSSPC, respectively. Wafers were then rinsed of quinhydrone
using a four-beaker “methanol cascade” method [10], and the
process of passivation, measurement, and rinsing was repeated
twice without cleaning using an HCl/HF process between passivations. An average of 8–10 μm was then etched from each side
of each wafer using a chemical polishing (CP) etching followed
by HCl/HF cleaning, after which the process of passivation,
measurement, and rinsing was repeated three times, again without cleaning using an HCl/HF process between passivations.
Another CP etching removed an average of 8–10 μm from each
side of each wafer, followed by HCl/HF cleaning. Again the
process of passivation, measurement, and rinsing was repeated
three times without cleaning using an HCl/HF process between
passivations (see Fig. 6). Lifetime values decreased with each
repeated passivation and were then restored to near the original
value after a CP etching and HCl/HF cleaning. The FZ wafers
showed an especially marked decrease in lifetime values with
repeated passivation. The decrease in lifetime values is again
attributed to quinhydrone residues that penetrate the wafer surface and stay on the wafer even after a methanol rinsing step.
The contaminated surface is then removed by the CP etching
step. An analogous experiment conducted with IE passivation

4

TABLE I
QSSPC LIFETIME MEASUREMENTS (INJECTION 2 × 101 5 cm −3 ; QUASISTEADY-STATE MODE) OF DIELECTRICALLY PASSIVATED mc SILICON WAFERS
IMMEDIATELY FOLLOWING ANNEALING, AFTER 13 AND 26 DAYS OF STORAGE IN THE DARK, AND AFTER A FINAL ANNEALING STEP

Fig. 4. Average QSSPC lifetime measurements (quasisteady-state mode) of 11
pregettered mc wafers that are passivated with Al2 O3 and annealed at 400 ◦ C on
day one and measured over a period of 57 days. Wafers were stored in darkness
between measurements. Wafers were annealed a second time at 400 ◦ C on day
28.

Fig. 5. μPCD average measured lifetime values of an EFG silicon wafer
subjected to a QM passivation, measurement, and rinsing process six times in
succession.

showed a similar decreasing lifetime trend on mc wafers that
were similar to the mc wafers in Fig. 6.
B. Inﬂuence on the Bulk Material
Each of a set of ﬁve neighboring mc wafers (B-doped, 1
Ω·cm, 300 and 180 μm) was passivated by Al2 O3 , a-Si, SiNx ,
IE, or QM, respectively. Minority charge carrier lifetimes were
measured using QSSPC at an injection level of 1015 cm−3 .
Spatially resolved measurements were obtained by photoluminescence imaging (PLI) [11]. Because of inﬂuence from the
crucible during block casting, each wafer exhibited two distinct
halves: the ﬁrst half with a gradient of lifetime values from
0 to 20 μs starting from the top edge of the wafer and moving toward the middle and the second half with lifetime values
many times higher (see Fig. 7). In comparison with the neighboring wafers in this set which were not passivated with SiNx ,

Fig. 6. QSSPC lifetime values (injection 101 5 cm−3 ; transient mode) of two
FZ wafers (top) and averaged μPCD lifetime values of two mc wafers (bottom)
that are subjected to three cycles of QM passivation, measurement, and rinsing,
with a new wafer surface etched between each cycle. Vertical bars between
points indicate CP etching between trials.

wafers passivated through the SiNx deposition process at 450 ◦ C
showed a greater total amount of area with elevated lifetime values in the PLI images but displayed fewer and smaller areas of
very high lifetime. Areas of high dislocation density also appeared to be more recombination active in wafers passivated
with SiNx . These factors suggest internal gettering of defects
e.g., by clustering of Fei in the highly contaminated regions of
the wafer [12], [13] and release of impurities in the wafer areas
of better quality [14] and/or hydrogenation of the Si bulk during
deposition [15]. These effects can be attributed to the higher
temperature SiNx deposition process at 450 ◦ C.
The mc wafer that was passivated with SiNx (shown in Fig. 7)
was subsequently stripped of its SiNx passivation layer and
repassivated with IE. Areas of increased recombination activity continued to show increased recombination activity and the
wafer displayed lower lifetime values, as compared with a neighboring wafer passivated with IE and not subjected to the initial
SiNx deposition (see Fig. 7). This proves that the effects of
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Fig. 7. PLI images show that (left) a SiNx wafer stripped of its SiNx layer and (middle) repassivated with IE shows increased recombination activity of grain
boundaries and a lower lifetime value as compared with (right) a neighboring IE wafer not subjected to the initial SiNx deposition. Internal gettering because
of higher temperature processes produces a larger area of moderately high lifetime values and increased recombination activity of grain boundaries in the SiNx
wafer, as compared with the neighboring wafer that is passivated with IE (see black circles).
TABLE II
PASSIVATION TECHNIQUES USING SPECIFIC CONDITIONS THAT ARE DESCRIBED
IN THIS PAPER RATED RELATIVE TO EACH OTHER ON THREE KEY CRITERIA

Fig. 8. Average QSSPC bulk minority carrier lifetime values (transient mode)
of four sets of two FZ wafers using four different passivation methods. Lifetime
measurements of SiNx samples (not shown) exhibited average values of 3.3
(preﬁring) and 6.2 ms (postﬁring).

a high-temperature SiNx deposition process directly affect the
wafer bulk.
C. Surface Passivation Quality
To gather knowledge of the highest possible lifetime values
obtainable with the passivation methods discussed in this paper,
10 FZ wafers (B-doped, 200 Ω·cm, 220 μm) were subjected
to an RCA cleaning and, subsequently, passivated in groups of
two by the dielectric passivation techniques Al2 O3 , a-Si, and
SiNx and the wet chemical passivation techniques QM and IE.
The minority charge carrier lifetime values of all samples were
obtained by QSSPC at an injection level of 1015 cm−3 . The
lifetime values of the SiNx samples were measured once before
and several times after ﬁring them at 850 ◦ C in a belt furnace
(same step as used for the processing of industrial type solar
cells). The time-resolved minority charge carrier lifetime values
of the Al2 O3 and a-Si samples were measured directly after an
anneal step as described previously. The time-resolved minority
charge carrier lifetime values of the QM and IE samples were
measured directly after passivation. The average values of each
two-sample set, except for the SiNx set, are shown in Fig. 8.
Minority charge carrier lifetime values (not time-resolved) of
SiNx samples reached an average preﬁring value of 3.3 ms

and an average postﬁring value of 6.2 ms (no degradation was
observed after ﬁring).
IV. CONCLUSION
Each passivation method that was investigated here offers
differing degrees of passivation stability, surface passivation
quality, and altering impact on defect distribution in the wafer
bulk, making no one method ideal for all p-type wafer characterization passivation applications. Table II shows a summary
of the strengths and weaknesses of the passivation methods
investigated. a-Si and, particularly, Al2 O3 achieve high effective lifetime values but suffer from surface passivation degradation within hours and days, respectively. As used here, SiNx
shows no signs of degradation but suffers from lower surface
passivation quality compared with the other dielectric layers
under investigation and causes signiﬁcant changes to the wafer
bulk, making it particularly poorly suited for mc material, where
bulk changes can be exceedingly detrimental. QM and IE passivation are room-temperature processes that induce minimal
negative effects on the wafer bulk and provide relatively high
surface passivation quality. QM and IE provide, however, only
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temporary passivation properties, are not suitable for long-term
wafer passivation, and were shown to cause degradation to the
region of the wafer near to the surface.
Finally, we would like to note that there are many ways to
deposit passivating layers (especially a-Si and SiNx ) on crystalline Si surfaces, resulting in different refractive indices etc.,
and, therefore, different surface passivation properties. The results presented in this paper are, therefore, valid only for the
speciﬁc experimental conditions chosen for this study, which
are given in the text.
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