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Abstract
Heavily-doped, amorphous and polycrystalline silicon (poly-Si) layers play important roles in
silicon solar cell fabrication and performance. Here we demonstrate applications of
time-resolved photoluminescence decay to measure recombination lifetimes in such regions,
which are generally below 1 µs, and difficult to measure with other techniques. Firstly, we
demonstrate the measurement of Auger lifetimes in uniformly heavily-doped silicon wafers, and
show the impact of surface recombination in samples with phosphorus or boron doping
concentrations below 1 × 1019 cm−3. We also assess the possible impact of high concentrations
of iron contamination on the extraction of such Auger lifetimes. We then report recombination
lifetimes measured in thin deposited intrinsic amorphous silicon films, and heavily-doped
poly-Si films, as commonly used in passivating contact structures. Interestingly, recombination
lifetimes in intrinsic amorphous silicon films can be significantly enhanced by a hydrogenation
process. By contrast, recombination lifetimes in heavily-doped poly-Si films vary with different
doping profiles for samples fabricated with different deposition techniques, but are not
improved by hydrogenation.

Keywords: time-resolved photoluminescence, lifetime, heavily-doped silicon,
amorphous silicon, doped polycrystalline silicon, surface passivation

1. Introduction

Heavily-doped regions and deposited silicon (Si) films are
fundamental to photovoltaic (PV) technology. These may be
present as dopant-diffused regions [1], heavily-doped poly-
crystalline silicon (poly-Si) films [2–5], or deposited amorph-
ous silicon (a-Si) layers [6–8]. Recombination lifetimes in

∗
Authors to whom any correspondence should be addressed.

Original content from this work may be used under the
terms of the Creative CommonsAttribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

these regions and films are generally short (less than 1 µs),
due to the heavy doping or defective nature of the materials.
One of the most widely used lifetime measurement tools is
quasi-steady-state photoconductance (QSSPC) [9], but it is not
commonly used to measure ns-scale lifetimes or distinguish
the lifetime in the deposited films from a multilayer struc-
ture. Microwave photoconductance can be employed to meas-
ure short bulk lifetimes in heavily-doped Si [10], but it can-
not directly isolate the lifetime in individual layers for struc-
tures including perovskite-Si tandem devices, poly-Si passiv-
ating contacts and heterojunction solar cells based on a-Si.
Lifetime measurements on perovskite materials often employ
time-resolved photoluminescence (TRPL) [11, 12].

In this work, TRPL is a suitable technique for meas-
uring lifetimes in both heavily-doped Si and deposited Si
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films. We firstly report recombination lifetimes in uniformly
heavily-doped Si wafers, which has been previously utilized
to measure Auger lifetimes in Si [13–19]. In unpassivated Si
wafers, the high surface recombination velocity can result in a
time-resolved carrier decay that contains fast and slow decay
modes due to surface and bulk components [20]. In this study,
we apply surface passivation to heavily-doped Si wafers to
eliminate or reduce the initial fast decay lifetime component
attributed to surface recombination, allowing accurate determ-
ination of the slow decay component due to bulk Auger recom-
bination. This method offers insights to assist reassessment
of previous Auger measurements. We also assess the poten-
tial impact of iron (Fe) contamination on the determination of
Auger lifetimes in heavily-doped Si [21, 22].

Secondly, we measure recombination lifetimes in depos-
ited Si and heavily-doped poly-Si films. TRPL equipped with
a short excitation wavelength laser, which is strongly absorbed
in these thin layers, is utilized to measure lifetimes at different
stages of the fabrication process of Si-based passivating con-
tacts. Hydrogenation is well established as a passivation treat-
ment for deposited Si films, by neutralizing dangling bonds at
interfaces and within the bulk [1, 5, 23, 24]. Here we study
recombination lifetimes within intrinsic a-Si films, and their
response to hydrogenation. Such films are an essential com-
ponent of Si heterojunction solar cell technology [6, 8]. We
also deposit intrinsic a-Si or poly-Si films on a SiOx/c-Si struc-
ture, which are the precursors to form doped poly-Si passiv-
ating contacts, commonly used in the PV industry today in
so-called TOPCon [2, 3] or POLO cells [5]. By performing
annealing and hydrogenation on these precursors, we study
changes in the recombination lifetimes within these films.
In addition, we employ a high-temperature ex-situ dopant
diffusion process to these deposited Si precursors to form
phosphorus-doped poly-Si electron-selective contacts [4, 23].
We use TRPL to examine the lifetimes in these heavily-doped
poly-Si contacts, and observe the impact of hydrogenation.

2. Experimental details

The TRPL measurement results in a time-resolved transient
decay courtesy of single photon counting under a pulsed laser
excitation source. A pulsed laser diode (Horiba DeltaDiode)
is focused on the sample through a 50X objective lens, with
a laser spot size of 10 µm in diameter. The PL signal emit-
ted from the same side of the sample is captured by a Horiba
iHR 320 mm spectrophotometer equipped with a thermoelec-
tric cooled InGaAs photomultiplier tube with a detection range
between 950 nm and 1700 nm. The pulsed laser frequencies
can be varied from 100 kHz to 25 MHz. Two different pulsed
excitation lasers are employed in the TRPL measurements,
with peak excitation wavelengths at 485 nm and 785 nm, and
short pulse widths at 80 ps and 60 ps, respectively. The on-
sample power of the 485 nm laser is 23.5 µW, and 1.85 µW
for the 785 nm laser, which yields an estimated excess car-
rier concentration on the order of 1014–1015 cm−3. Two exper-
imental TRPL configurations were used in this study. For

uniformly heavily-doped Si wafers, room-temperature TRPL
measurements at 300 K were conducted with an excitation
wavelength at 785 nm. Low-temperature measurements at
80 K were employed for deposited Si and heavily-doped poly-
Si films with an excitation wavelength at 485 nm. An as-cut Cz
phosphorus-doped Si wafer with 2Ω cm resistivity was used to
estimate the system response. The as-cut surface results in very
rapid recombination when using the strongly absorbed excit-
ation wavelength of 485 nm. This allowed us to estimate an
upper limit of the characteristic system response time, in order
to exclude its impact on recombination lifetimemeasurements.

The first set of samples were single-side polished Cz
heavily-doped Si wafers with phosphorus (n+) and boron
(p+) doping concentrations from 2.9 × 1018 cm−3 to
1.1 × 1020 cm−3. These wafers were chosen for the study
of Auger lifetimes. After etching in a tetramethylammonium
hydroxide (TMAH) solution, the doping densities were
acquired by an electrochemical capacitance-voltage (ECV)
profiling method [4], in which the etched area was meas-
ured by an optical microscope. The highest doping densities
were 6.5 × 1019 cm−3 for n+ and 1.1 × 1020 cm−3 for p+

Si, with a thickness of 300 ± 10 µm. The other wafers had
a thickness of 500 ± 10 µm. Dilute hydrofluoric acid (HF)
was used to remove the residual oxide on the surface before
TRPL measurements. After a standard RCA cleaning process,
some n+ Si wafers were coated with 80 nm thick hydrogenated
SiNx:H films via plasma enhanced chemical vapour deposition
(PECVD) [25], while some p+ Si wafers were deposited with
60 nm thick hydrogenated Al2O3 using plasma assisted atomic
layer deposition (PAALD) [26]. The surface passivation effect
was activated by a subsequent annealing in forming gas (5%
H2, 95% Ar) at 425 ◦C for 30 min [4, 23]. Note that these
capping layers were retained during TRPL measurements. We
performed the measurements on both the unpolished and pol-
ished sides and observed no significant difference in the life-
time result.

In addition, we investigated the impact of intentional Fe
contamination on the recombination lifetime in these heavily-
doped wafers, since in practical solar cells, such heavily doped
regions often act as gettering sinks for metal contamination
[22, 27]. In this case, the doping densities of the heavily-
doped Si wafer bulk were 6.5 × 1019 cm−3 for n+ and
1.1 × 1020 cm−3 for p+ Si. Fe contamination was carried out
by ion implantation of 56Fe, followed by a thermal annealing
process at 1050 ◦C for 3 h to distribute the interstitial Fe con-
taminants evenly across the sample thickness of 300 µm. The
first 1.5 h annealing was carried out in dry O2 ambient, and
then 1.5 h in N2. A ramp-down process of 10 ◦C min−1 in N2

was then applied, and the samples were unloaded from the fur-
nace at 900 ◦C, before cooling in high air flow to reach room
temperature within a few minutes. We then used a TMAH
solution to remove any residual ion implantation related sur-
face damage after annealing. A set of control samples without
Fe contamination also underwent the same annealing and etch-
ing processes.

After distributing the implanted Fe atoms throughout the
wafer thickness, bulk Fe concentrations of 1 × 1015 cm−3 for
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the p+ sample, and 1 × 1015 cm−3 and 1 × 1016 cm−3 for
the n+ Si samples, were expected. The solubility limit of Fe at
1050 ◦C in intrinsic Si is 1 × 1015 cm−3 [28]. At the unload-
ing temperature of 900 ◦C, the Fe solubility in intrinsic Si is
4× 1013 cm−3 [28]. However, in heavily-doped Si, the appar-
ent Fe solubility is enhanced by a factor termed the segreg-
ation coefficient. For the n+ Si with a phosphorus doping of
6.5 × 1019 cm−3, the reported segregation coefficient is 10–
310 at 1050 ◦C and 80–5400 at 900 ◦C [29, 30], and is ∼2
at 1050 ◦C and ∼8 at 900 ◦C for the p+ Si sample if assum-
ing only contributions from electrically active boron dopants
[31]. Considering the large range of the reported segrega-
tion coefficients, the enhanced Fe solubilities are likely close
to, or exceed, the target Fe concentrations, meaning that Fe
precipitation is insignificant. In addition, a very rapid cool-
down from 900 ◦C was applied. Our previous studies, which
performed similar thermal annealing processes, consistently
found negligible amount of Fe precipitation [27, 32]. Note
that the exact state of Fe in heavily-doped Si is not entirely
clear, as there are different hypotheses to explain the appar-
ent enhanced Fe solubility [22]. Nevertheless, this does not
affect the interpretation of our results. Since we cannot entirely
exclude the possibility of Fe precipitation to wafer surfaces,
the intended Fe concentrations of 1 × 1015 cm−3 for the p+,
and 1 × 1015 cm−3 and 1 × 1016 cm−3 for the n+ Si samples
are regarded as the upper limits of the Fe concentrations.

Secondly, we investigated the recombination lifetimes in
deposited Si films. Cz phosphorus-doped Si wafers were
chosen, with 2 Ω cm resistivity and 250 ± 5 µm thickness
after etching in a TMAH solution to remove the saw dam-
age. The wafers underwent a standard RCA cleaning before
a thermal oxidation process at 600 ◦C in O2 ambient for 5 min
[4]. Some samples were coated with hydrogenated PECVD a-
Si:H of ∼40 nm [4, 23], while some samples were deposited
with ∼80 nm intrinsic poly-Si using a low-pressure chemical
vapour deposition (LPCVD) technique [5]. The as-deposited
PECVD a-Si:H underwent a thermal annealing at 600 ◦C in
N2 ambient for 30 min to remove the hydrogen content in
the film [23, 33]. These annealed films are referred to here
as intrinsic deposited Si. Both PECVD and LPCVD intrinsic
deposited Si samples went through a hydrogenation treatment
via PECVD SiNx:H and a subsequent annealing in forming
gas at 425 ◦C for 30 min. In addition, some as-deposited
PECVD a-Si:H and LPCVD poly-Si samples were used as
precursors to fabricate doped poly-Si contact structures. We
employed an ex-situ POCl3 diffusion at 830 ◦C, with 25 min
dopant deposition and then 25 min drive-in annealing in N2

ambient [4, 23]. The phosphorus silicate glass layers were
removed by a dilute HF solution. The doping concentrations in
the heavily-doped poly-Si films were assessed by ECV profil-
ing. Some of these samples were also subject to hydrogenation
with PECVD SiNx:H and forming gas annealing.

For both deposited Si and heavily-doped poly-Si films in
this study, the hydrogenated dielectric films were removed by
a dilute HF dip. Steady-state PL spectra were then measured
with a Horiba iHR 320mm confocal micro-PL system at 80 K,
with a temperature controlled THMS600 Linkam stage. These
spectra were consistent with PL signatures for deposited Si

and doped poly-Si films, as previously reported [23, 34]. The
hydrogenation effect on wafer surface passivation provided by
the doped poly-Si films was also assessed by transient and
QSSPC measurements using a Sinton Instruments WCT-120
photoconductance tester, to determine the implied open circuit
voltage (iVOC) [9]. For low-temperature TRPLmeasurements,
the transient decays of PL emission from the doped poly-Si
regions were measured using a long-pass filter with a cut-off
wavelength at 1250 nm to eliminate the component from the
band-to-band PL of the c-Si substrate.

3. Results and discussion

3.1. Auger lifetimes in uniformly heavily-doped Si wafers

Figure 1 shows the normalized PL decays of several unpas-
sivated samples after a dilute HF dip. A simple derivation of
the effective lifetime is realized by extracting the time con-
stant of the exponential decay curves. In general, the Si bulk
lifetime can be affected by multiple recombination channels
including radiative recombination [35], Shockley-Read-Hall
(SRH) recombination through defects [36], and Auger recom-
bination. At high doping or injection levels, Auger recombin-
ation is often dominant. Under high injection, the Auger life-
time is strongly dependent on the illumination intensity, due
to its quadratic dependence on the excess carrier concentration
[37, 38]. However, as shown for each of the heavily-doped
Si wafers in figure 1, the normalized TRPL decay curves are
unchanged with different illumination intensities, although an
increasing noise level is associated with a reduced excitation
power. This demonstrates that these samples are under low
injection conditions, as expected due to their very high doping
concentrations. As such, the Auger lifetime depends only on
the sample doping density, and not the illumination intensity
[37, 38].

At very high doping levels over 2.5 × 1019 cm−3 shown
in figures 1(a) and (b), only one time constant is present in
the normalized decay, from which we extract the effective
lifetime with a single exponential decay fit. However, curved
decays occur in both figures 1(c) and (d), which complicates
the extraction of the effective lifetime. A similar two-time-
constant decay was observed in the early Auger lifetime study
by Dziewior and Schmid on an n+ sample with a doping con-
centration of 9.7× 1018 cm−3 [14]. The fast decay component
was attributed to surface recombination, and the slow decay
component was reported as the bulk Auger lifetime. Luke and
Cheng presented a quantitative analysis to study the separation
of the fast and slow decaymodes, which has been widely adap-
ted in transient analysis to understand the relationship between
the surface recombination velocity and bulk minority carrier
lifetime [20].

In order to confirm that the fast decay mode is caused by
surface recombination, we performed TRPLmeasurements on
samples with surface passivating films—SiNx:H films on n+

wafers, with positive fixed charges to repel minority holes, and
Al2O3 films on p+ wafers, with negative fixed charges to repel
minority electrons. TRPLmeasurements on surface passivated
samples with doping densities exceeding 2.5 × 1019 cm−3
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Figure 1. Normalized TRPL decays of four unpassivated heavily-doped Si samples. Each sample is measured with varying illumination
intensities. (a) and (b): Only one time constant can be observed in the decay curves. A single exponential decay fit is used to extract the
Auger lifetime. (c) and (d): Two time constants can be observed in the decay curves. A double exponential decay fit is used. Lifetimes are
extracted with the fast decay mode attributed to surface recombination, and the slow decay mode representing the bulk lifetime dominated
by Auger recombination.

revealed no significant impact on the decay curves. For dop-
ing densities under 1 × 1019 cm−3, the fast decay mode due
to surface recombination is eliminated or reduced by the sur-
face passivation treatment, as shown in figure 2. For the n+

sample in figure 2(b), the decay time for the passivated sample
is similar to the second time constant for the unpassivated
sample, meaning it can be reasonably attributed to bulk Auger
recombination. However, for the p+ sample in figure 2(a), the
time constant for the passivated sample is still shorter than the
second time constant for the unpassivated sample. This indic-
ates that the surface passivation is imperfect in this case, and
still impedes the extraction of the Auger lifetime. Generally,
we found that p+ Si wafers were more difficult to achieve suf-
ficient surface passivation on than n+ Si wafers.

Nevertheless, with surface passivation films present, we
extract the apparent Auger lifetimes from single-exponential
decay fits and present these results in figures 3(a) and (b),
compared to earlier measurement data [13–19], together with
the slow decay lifetimes in unpassivated samples in this work.
Note that the data presented by Dziewior and Schmid [14]
was revised by Black and Macdonald [39] by adopting a
more recent mobility model to estimate the doping densities.

Auger lifetimes in both unpassivated and passivated n+ Si
wafers in this study agree well with previous research, par-
ticularly the data of del Alamo et al [15] and Swirhun et al
[17] at higher doping densities and the data of Häcker and
Hangleiter [19] at lower densities, whereas the Auger life-
times in p+ Si show agreement with different published res-
ults depending on whether they were obtained from passivated
or unpassivated samples. Our p+ Si lifetimes in the passiv-
ated samples agree with the data presented by Swirhun et al
[16], and both give shorter Auger lifetimes for doping dens-
ities within the range from 1 × 1018 cm−3–1 × 1019 cm−3

in comparison to other studies. Swirhun et al used an excita-
tion wavelength of 647 nm, similar to our 785 nm laser, and
their samples were subject to thermal oxidation which could
also have an impact on the surface recombination [18]. Other
studies used either longer wavelengths above 1000 nm, in
which case surface recombination was less significant, or used
shorter wavelengths, but with more sensitive detection which
allows the slow decay component to be measured accurately.
Consistent with this, we note that our p+ Si lifetimes extracted
from the slow decays of the unpassivated samples agree well
with the other Auger lifetime studies. We conclude that the
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Figure 2. TRPL decay comparison between unpassivated and passivated heavily-doped Si of (a) p+ samples, and (b) n+ samples. The
decays of the unpassivated samples are fitted using a double exponential fit, whereas the decays with surface passivation are fitted using a
single exponential fit.

Figure 3. (a) and (b): Auger lifetimes in p+ and n+ Si at doping levels over 1 × 1018 cm−3.

discrepancy in the passivated samples is caused by imperfect
surface passivation from the Al2O3 films used in this work.

Fe contamination of heavily doped regions, as occurs dur-
ing gettering of Si solar cells [22, 27], can introduce additional
recombination centers in the heavily-doped Si layers [40].
Here we study the possible impact of such metallic contam-
ination on the bulk lifetimes in heavily-doped Si wafers. The
TRPL decay curves of Fe-implanted heavily-doped samples
are shown in figure 4. Note that these wafers with high dop-
ing densities do not require surface passivation. Both the con-
trol and Fe-contaminated samples underwent the same anneal-
ing treatment and a subsequent TMAH etching process. The
identical carrier decay curves, despite Fe contamination, sug-
gest the lifetimes in these wafers are not affected by Fe-
induced defect states with upper limits of volumetric concen-
trations of 1 × 1015 cm−3 for p+ Si, 1 × 1015 cm−3 and
1 × 1016 cm−3 for n+ Si. These Fe doses correspond to Fe
concentrations on the order of 1012–1013 cm−3 in the bulk of
a 130-µm thick Si wafer, if gettered to a thin p+ or n+ region
near the surface.We conclude that Auger recombination is still

entirely dominant in these heavily-doped Si samples for p+ Si
of 1.1 × 1020 cm−3 and n+ Si of 6.5 × 1019 cm−3, regard-
less of the applied high Fe concentrations. This finding does
not contradict other studies where the investigated p+ concen-
trations were lower and thus SRH recombination due to Fe
became more noticeable [40, 41].

3.2. Lifetimes in intrinsic deposited Si films

Steady-state PL spectra of deposited Si films, measured
using the confocal micro-PL system at 80 K, are shown in
figure 5(a). The as-deposited PECVD hydrogenated a-Si:H
films emit strong PL intensities with a peak between 900
to 1000 nm. After a thermal annealing process at 600 ◦C,
the films show negligible PL emission, due to defect states
activated by hydrogen effusion, as reported previously [23,
33]. This response indicates that the high PL intensity emit-
ted from the as-deposited Si films denotes the presence of
hydrogen, and the passivation of defect states within the films.

5
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Figure 4. TRPL decay curves of (a) p+ Si and (b) n+ Si subject to Fe contamination. The lifetimes are extracted with a single exponential
decay fit. A low Fe dose corresponds to an upper limit of Fe contamination of 1 × 1015cm−3, and a high Fe dose corresponds to an upper
limit of 1 × 1016cm−3.

Figure 5. (a) Steady-state PL spectra of PECVD and LPCVD deposited Si films, measured by an excitation wavelength at 405 nm. (b)
TRPL decay curves of PECVD deposited Si, measured by an excitation wavelength at 485 nm. (c) TRPL decay curves of LPCVD deposited
Si. An as-cut Si wafer of 2 Ω cm is used to estimate an upper limit for the system response time.

The annealed deposited Si films were then subject to sur-
face passivation by hydrogen-rich SiNx:H films plus forming
gas annealing, creating a re-hydrogenation effect. Strong PL

spectra can be observed again, emitted from the deposited Si
layers, not from the SiNx:H films which were removed by a
dilute HF dip. In figure 5(a), the broad PL peak is shifted
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Figure 6. (a) ECV profiles of PECVD and LPCVD phosphorus-doped poly-Si. (b) Steady-state PL spectra of PECVD and LPCVD
phosphorus-doped poly-Si, measured by an excitation wavelength at 405 nm. (c) TRPL decay curves of PECVD and LPCVD
phosphorus-doped poly-Si, measured by an excitation wavelength at 485 nm.

towards longer wavelengths compared to the as-deposited a-
Si:H. This PL shift could reflect partial crystallization of the
amorphous phase during thermal annealing at 600 ◦C [42].

Figures 5(b) and (c) compare the lifetimes within both
PECVD and LPCVD deposited Si films by fitting the tran-
sient decay curves captured by TRPL at 80 K. We present
two lifetime components extracted from the decay curves with
a double exponential decay fit. An excitation wavelength at
485 nm was employed in such TRPL measurements. The life-
time measured from the 2 Ω cm Si as-cut wafer with highly
defective surface is also displayed in figure 5(c), showing a
short decay lifetime of 0.17 ns, which is an upper limit for
the system response. Compared to the as-deposited PECVD a-
Si:H, the lifetime reduces significantly due to hydrogen effu-
sion during thermal annealing. Re-hydrogenation then gives
rise to a lifetime increase again in the PECVD deposited Si
films. TRPL measurements on deposited Si were also demon-
strated by Wu et al who reported the loss of hydrogen in
PECVD a-Si:H films during a 400 ◦C annealing process by
showing a lifetime reduction from 2.93 ns to 1.96 ns [43].
This work presents a more significant lifetime change. The as-
deposited PECVD a-Si:H lifetime drops from 29 ns to 2.7 ns
when residual hydrogen was driven out of the films, and then
increases to 15 ns after re-hydrogenation. Similarly, LPCVD
deposited Si films exhibit a short minority carrier lifetime of

5.2 ns, but can exceed 30 ns after hydrogenation. In general,
the bulk lifetime in intrinsic deposited Si is affected by defect
states inside the films, and can be significantly improved by a
hydrogenation process.

3.3. Lifetimes in phosphorus-doped poly-Si films

The precursors used for determining the deposited Si lifetime
underwent a POCl3 diffusion to form phosphorus-doped poly-
Si electron-selective contacts. The ECV results of the doped
poly-Si films are shown in figure 6(a), presenting the elec-
trically active phosphorus doping profiles in these films. The
LPCVD doped poly-Si films have a higher phosphorus dop-
ing profile and a larger thickness of doped poly-Si region.
Micro-PL spectra in figure 6(b) depict the band-to-band PL
emission from the c-Si substrate at around 1130 nm [23,
34]. The broad PL signatures at longer wavelengths origin-
ate from the doped poly-Si films [23]. We present the increase
in PL intensities when the defect states were passivated by
PECVD SiNx:H hydrogenation. In addition, QSSPC measure-
ments show an increase in iVOC due to hydrogenation from
682 mV to 703 mV for PECVD doped poly-Si, and from
693 mV to 710 mV for LPCVD doped poly-Si. Both micro-PL
andQSSPCmeasurements indicate an effective hydrogenation
improvement for the doped poly-Si films.

7



Semicond. Sci. Technol. 40 (2025) 045015 Z Li et al

In figure 6(c), a double exponential decay fitting is
employed where the first time constant is assumed to ori-
ginate from the system response and surface recombination.
The second exponential decay component is regarded as the
bulk lifetime in the doped poly-Si films. Doped poly-Si fabric-
ated from different deposition techniques yield different life-
times. These lifetimes in heavily-doped poly-Si films remain
unchanged regardless of hydrogenation, which implies that
defect passivation does not have a measurable impact on the
bulk lifetime in such films. This may suggest that Auger
recombination is dominant in the bulk of the heavily-doped
poly-Si layers.

4. Conclusions

In summary, this paper demonstrates some applications of
TRPL to measure carrier lifetimes in various Si materials with
recombination lifetimes below 1 µs. Auger lifetimes can be
extracted from low-injection TRPL measurements on heavily-
doped Si wafers, subject to consideration of surface recombin-
ation for doping concentrations below 1 × 1019 cm−3 when
using an illumination wavelength of 785 nm. This study also
reveals that Fe-induced recombination centers do not notice-
ably affect the bulk lifetime in either heavily phosphorus-
(6.5 × 1019 cm−3) or boron- (1.1 × 1020 cm−3) doped Si
for the conditions investigated in this study. Additionally,
low-temperature TRPL measurements are demonstrated for
intrinsic deposited Si and heavily-doped poly-Si films pro-
cessed with hydrogenation treatments. Hydrogenation effect-
ively increases the recombination lifetime in intrinsic depos-
ited Si films. By contrast, hydrogenation does not improve the
recombination lifetime in heavily-doped poly-Si films, des-
pite hydrogenation improving the surface passivation of the
contact itself, as evidenced by increased iVOC values. This
work also reveals differences in the recombination lifetime in
heavily-doped poly-Si films fabricated with different depos-
ition techniques with varying doping concentration profiles.
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