' Aalto University

Nampalli, N.; Laine, H. S.; Colwell, J.; Vahanissi, V.; Inglese, A.; Modanese, C.; Vahlman, H.;
Yli-Koski, M.; Savin, H.

Rapid thermal anneal activates light induced degradation due to copper redistribution

Published in:
Applied Physics Letters

DOI:
10.1063/1.5029347

Published: 16/07/2018

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CCBY

Please cite the original version:

Nampalli, N., Laine, H. S., Colwell, J., Véahénissi, V., Inglese, A., Modanese, C., Vahlman, H., Yli-Koski, M., &
Savin, H. (2018). Rapid thermal anneal activates light induced degradation due to copper redistribution. Applied
Physics Letters, 113(3), Article 032104. https://doi.org/10.1063/1.5029347

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1063/1.5029347
https://doi.org/10.1063/1.5029347

Rapid thermal anneal activates light induced degradation due to copper redistribution

N. Nampalli, H. S. Laine, J. Colwell, V. Vahanissi, A. Inglese, C. Modanese, H. Vahiman, M. Yli-Koski, and H.
Savin

Citation: Appl. Phys. Lett. 113, 032104 (2018); doi: 10.1063/1.5029347
View online: https://doi.org/10.1063/1.5029347

View Table of Contents: http://aip.scitation.org/toc/apl/113/3

Published by the American Institute of Physics

Articles you may be interested in

Transparent ZnO:Al>03 films with high breakdown voltage and resistivity
Applied Physics Letters 113, 032102 (2018); 10.1063/1.5028513

Dielectric sphere-coupled THz super-resolution imaging
Applied Physics Letters 113, 031105 (2018); 10.1063/1.5026758

Direct imaging of surface states hidden in the third layer of Si (111)-7 x 7 surface by p,-wave tip
Applied Physics Letters 113, 031604 (2018); 10.1063/1.5038954

Patterning of graphene oxide with optoelectronic tweezers
Applied Physics Letters 113, 031106 (2018); 10.1063/1.5025225

Femtosecond laser-induced melting and shaping of indium nanostructures on silicon wafers
Applied Physics Letters 113, 033103 (2018); 10.1063/1.5026707

Bubble dimer dynamics induced by dual laser beam ablation in liquid
Applied Physics Letters 113, 021902 (2018); 10.1063/1.5030437

CRYOTRONICS

4 Lake Shore M Measure Ready

A new current & voltage source
optimized for scientific research




APPLIED PHYSICS LETTERS 113, 032104 (2018)

@ CrossMark
&click for updates
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While it is well known that copper impurities can be relatively easily gettered from the silicon bulk
to the phosphorus or boron—doped surface layers, it has remained unclear how thermally stable the
gettering actually is. In this work, we show experimentally that a typical rapid thermal anneal
(RTA, a few seconds at 800 °C) used commonly in the semiconductor and photovoltaic industries
is sufficient to release a significant amount of Cu species from the phosphorus-doped layer to the
wafer bulk. This is enough to activate the so-called copper-related light-induced degradation
(Cu-LID) which results in significant minority carrier lifetime degradation. We also show that the
occurrence of Cu-LID in the wafer bulk can be eliminated both by reducing the RTA peak tempera-
ture from 800 °C to 550 °C and by slowing the following cooling rate from 40-60 °C/s to 4 °C/min.
The behavior is similar to what is reported for Light and Elevated Temperature degradation, indi-
cating that the role of Cu cannot be ignored when studying other LID phenomena. Numeric simula-
tions describing the phosphorus diffusion and the gettering process reproduce the experimental
trends and elucidate the underlying physical mechanisms. © 2018 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.orgl/licenses/by/4.0/). https://doi.org/10.1063/1.5029347

Crystalline silicon is well known to suffer from so called
carrier or light induced degradation (LID), which means that
upon exposure to excess carriers, the bulk minority carrier
lifetime can degrade significantly deteriorating the silicon
device performance. The LID phenomenon has been a topic
for a long debate, but even today, the exact defect reactions
behind it remain ambiguous. However, at least one of the
mechanisms seems to be well understood by now, that is,
light interacting with benign positively charged interstitial
copper (Cu) ions that form recombination-active nano-pre-
cipitates.! Such a phenomenon is currently referred to as
copper-related light-induced degradation (Cu-LID). Further,
Cu concentrations as low as lOlocm_3, which can easily be
present in p-type commercial silicon or industrial processing
lines,2 have been shown to cause significant Cu-LID, espe-
cially in the presence of crystal defects.’

It is well established that, as a fast-diffusing transition
metal, Cu can be relatively easily gettered to the n™ or p* sur-
face layer in an industrial device process.* Recent theoretical
work>® has speculated that rapid (<1 min), high temperature
(peak at 800°C) anneals after gettering can significantly
increase the bulk metal point defect concentration and thus
negate the gettering benefit for Cu and other fast-diffusing
metals. However, this has not been shown experimentally,
and moreover, the models used”™ have been validated based
on steady-state experiments, which casts doubt on their
validity under such rapid non-equilibrium processes. Thus, it
is important to fill the critical gap in the literature by
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experimentally investigating how stable the gettering result is
under these rapid, industry-typical anneals.

In this paper, we study experimentally (i) whether such
a rapid thermal anneal (RTA) performed after a gettering
step causes Cu to redistribute to the bulk and leads to the
activation of Cu-LID and (ii) whether it is possible to modu-
late or even completely eliminate Cu-LID by modifying the
RTA profile. The experiments are made with local Cu con-
taminated areas such that Cu-LID can be easily distinguished
from other LID mechanisms. Supporting kinetic simulations
to elucidate the physical root causes for our experimental
observations are also performed. Finally, the implications of
our findings for both the semiconductor and photovoltaic
industries are discussed.

The experiments were performed on 380 = 15 um thick
polished, boron-doped Cz-silicon wafers with a base doping
density of Ny ~ 4 x 10'7cm 2. The wafers were subjected
to a one-sided phosphorus diffusion at 830 °C for 25 min in
the POCI; gas atmosphere, which resulted in a phosphorus-
doped layer with a sheet resistance of ~80 Q/[]. During dop-
ant diffusion, the rear side was protected with a 440 nm-thick
thermal oxide, which also acted as a surface passivation
layer, similar to the experiments described in Ref. 10. The
thermal oxide was then thinned down to ~20nm by etching
in a buffered HF solution, after which the central region of
each wafer was then intentionally contaminated by deposit-
ing a droplet of copper sulphate solution (500 ppb w/v) on
the rear side of the sample containing the thermal oxide
(opposite to the phosphorus layer) in a well-defined area.
The wafers were subsequently annealed at 800 °C for 20 min
for Cu drive-in and then slowly cooled to 600°C at a

© Author(s) 2018. @
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controlled rate of 4 °C/min for efficient Cu gettering to the
phosphorus-doped layer, similarly to that reported in Ref.
10. Localized contamination using a droplet allows for moni-
toring of the reference areas outside the contaminated region
on the same wafer, which provides information about possi-
ble external contamination, e.g., during heat treatments.
Likewise, the contribution of boron-oxygen or other LID
defects can be directly observed from these areas and sepa-
rated from Cu-LID.

Throughout the experiments, the wafers were character-
ized by minority-carrier lifetime using photoconductance
measurements (Sinton Instruments WCT-120) in the general-
ized mode.'"'? Surface photovoltage (Semilab WT-85X
400) and photoluminescence (PL) measurements (BT
Imaging LIS-R1) were also performed.

To investigate the thermal redistribution of Cu, the
wafers were then RTA treated in a Jipelec JetFirst RTP fur-
nace in a nitrogen ambient. The wafers were placed on top of
clean dummy wafers or a quartz boat, and the wafer tempera-
tures were monitored with a thermocouple. The applied RTA
time-temperature profiles with varying peak set-point tem-
peratures (800 °C and 550 °C) and different cooling profiles
(fast 40-60°C/s, slow 4°C/min) are presented in Fig. 1.
Note that the 800F recipe is typical of screen printing RTA
profiles carried out after emitter formation in industrial sili-
con solar cell processing.'? Finally, after RTA, the wafers
were immediately light-soaked to get an estimate of the Cu
concentration redistributed to the bulk. Light soaking was
performed for up to ~72h with an LED light source having
an intensity of 0.02 suns and a spectral range of 400—-800 nm
(maximum at 550 nm) with substrate temperature monitored
and maintained at 27 = 3°C.

Figure 2 shows the PL images of the samples both
before RTA treatments and after three different RTA treat-
ments followed by light soaking. To confirm that the PL
maps reflect changes only in the wafer bulk, the same sam-
ples were also measured by SPV (not shown), which is only
sensitive to bulk lifetime. Both methods provided similar
information, but only PL maps are shown here due to
improved spatial resolution over SPV maps.

Based on the gettering experiments carried out earlier'”
and PL images shown in Fig. 2 (the first row), we confirmed
that prior to RTA treatment, Cu was gettered to the phosphorus
layer in all samples. On the contrary, when the same wafers
were exposed to an RTA treatment at 800 °C with fast ramp-

—— 800F: 800°C + fast cooling
— 550F: 550°C + fast cooling
— 800S: 800°C + slow cooling
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FIG. 1. RTA recipes with varying peak temperatures and different cooling
profiles. Slow cooling was used in recipe 800S (black line) in the 800 °C to
600 °C range. The inset shows the details of the thermal profiles for the rec-
ipes 800F (blue line, 800 °C fast cool) and 550F (red line, 550 °C fast cool).
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FIG. 2. PL images of the various samples in the Cu-contaminated regions.
The top row presents PL. maps after phosphorus diffusion and Cu contamina-
tion but before they were annealed in the RTA furnace. The bottom row
shows PL images of the same wafers and areas after RTA and light soaking.
The white dotted circles represent the areas which were intentionally copper
contaminated with a Cu-droplet.

down (recipe 800F), a clear Cu-LID spot appeared in the PL
map after light soaking (lower left map in Fig. 2). This result
suggests that even a short rapid thermal anneal at 800 °C,
which is typical for solar cell metal contact firing, is enough to
thermally redistribute the gettered copper back to the wafer
bulk. The PL images also show that in the reference areas (out-
side the Cu spot), no noticeable degradation takes place.

Further, PL images for recipe 550F after RTA and light
soaking (lower right map in Fig. 2) display an interesting phe-
nomenon: by reducing the RTA peak temperature to 550 °C,
Cu-LID appears to be completely eliminated. This demon-
strates that the peak RTA temperature has a clear impact on
the amount of copper that is redistributed to the bulk and thus
also on the appearance of Cu-LID. Therebys, it is likely that at
Tpea = 550°C, the amount of emerged Cu is greatly reduced
in the bulk and is not high enough to activate Cu-LID.

In addition to peak temperature, the cooling rate of the
RTA treatment also appears to impact Cu-LID (lower middle
map in Fig. 2). With a peak temperature of 800 °C followed
by slow cooling (recipe 800S), no sign of Cu-LID could be
observed in the bulk of the wafer. Thus, it seems that the
proper tuning of both the RTA peak temperatures and the
subsequent cooling rates provides an effective way to elimi-
nate or at least minimize Cu-LID.

To achieve more quantitative information about Cu-LID
and to observe the kinetics of degradation, effective minority
carrier lifetime (7.7) was measured as a function of light
soaking time for all samples. The normalized defect density
(N,) associated with the LID effect was then calculated from
the measured lifetime using Eq. (1) and is plotted in Fig. 3.
Note that 7,4 was determined at a minority carrier density An
=0.1 x Ny (4 x 10" cm™>) for the purpose of calculating N,

1 1

N = M

It can be seen from Fig. 3 that, as expected, the sample
with the most prominent Cu-contamination spot (800F,
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FIG. 3. Temporal evolution of normalized defect density (N;) showing the
extent and kinetics of LID in samples treated with Recipes 800F (black),
800S (red), and 550F (blue). Lines represent exponential fits to Ny(t).

bottom left in Fig. 2) also demonstrates the fastest degrada-
tion kinetics as well as the maximum extent of degradation
(black curve in Fig. 3). As an indicative value, the normal-
ized defect density after 1 h of degradation (3600 s) was
2.58ms ™' for the 8OOF sample, whereas samples 800S and
550F showed significantly lower N, values of 1.14ms™'
(~55% less) and 1.51 ms~ (~41% less), respectively. The
slight degradation in the 800S and 550F samples in Fig. 3
was confirmed to be primarily due to the BO-defect based on
its known degradation kinetics, i.e., following the procedure
described in Ref. 1.

To further elucidate the physical root causes of the
experimental observations, the behavior of Cu during the dif-
ferent RTA treatments was simulated. This was done by
modelling the re-distribution of Cu in one dimension along
the wafer depth due to segregation into the heavily
phosphorus-doped layer, using the quantitative segregation
model presented and validated in Ref. 14. No internal getter-
ing sources, such as structural defects or oxygen precipitates,
were assumed in the simulation. Within the boron-doped
bulk, the solubility of Cu was calculated as in Eq. (15) in
Ref. 15 and the diffusivity as in Ref. 16. Within the heavily
phosphorus-doped layer, the diffusivity of Cu was assumed
to be Doy = %’ where kg ¢, is the ratio of Cu solid solubil-
ity in the emitter and bulk (segregation coefficient) as calcu-
lated from Ref. 14.

The phosphorus diffusion process was simulated as sug-
gested by Ref. 9, assuming a surface phosphorus concentra-
tion of 3 x 10*°cm™>."” The only varied input between the
samples was the different thermal profiles of the RTA pro-
cess. Other inputs that were held constant for all samples
included wafer thickness, boron base doping concentration,
and the thermal profiles of the POCI; diffusion and copper
in-diffusion processes.

Figure 4 shows the simulated evolution of the bulk Cu
concentration during the three experimental RTA treatments,
with concentrations at peak sample temperature during RTA
and after RTA shown separately. There are 2 important obser-
vations here. First, it can be seen that the Cu concentration in
the bulk at the peak of the RTA process (blue bar in Fig. 4) is
higher by an order of magnitude for the 800F and 800S recipes
compared to the 550F recipe and is roughly equal for both the

Appl. Phys. Lett. 113, 032104 (2018)
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FIG. 4. Simulated peak bulk Cu concentration (blue bars) during the RTA
treatments as well as the post-RTA bulk Cu concentration (red bars) for dif-
ferent RTA profiles.

800F and 800S recipes. This result is expected since the Cu
solubility difference between the bulk and the emitter is
approximately three orders of magnitude higher at 550 °C than
800°C (Fig. S1 bottom row, black dashed line), and thus, Cu
prefers to stay in the emitter in the recipe 5S50F.

Second, it can be seen that after the RTA process is com-
plete (i.e., after complete ramp-down, red bar in Fig. 4), all
three samples display a lower Cu concentration in the bulk
compared to just before the ramp-down (blue bar). However,
the degree to which this occurs is different for the three sam-
ples. In general, the bulk Cu concentration decreases during
ramp-down by an order of magnitude in the slow-cooled sam-
ple (800S), but to a lesser degree in the fast-cooled samples
(800F, 550F). This can be understood due to the (more
strongly) kinetically limited nature of the 550F and 800F rec-
ipes. It can be seen that during the slow cool-down of the 800S
sample, the actual Cu concentration difference between the
emitter and the bulk follows closely that of the solubility dif-
ference (solid and dashed black lines, Fig. S1(i), which is not
the case for the fast cooled samples [Figs. S1(g)-S1(h)].
Furthermore, the Cu diffusivity remains high for a much longer
time in the recipe 800S (red line, Fig. S1 bottom row), which
allows more Cu to segregate back to the emitter especially dur-
ing the final cooling and, on the other hand, explains why in
the fast-cooled samples (800F and 550F), the post-RTA bulk
Cu concentration is only 30%-40% lower compared to the
value at the process peak temperature. The kinetics of Cu
redistribution during the RTA treatments are described in fur-
ther detail in the supplementary material, and the impact of the
anneals on solar cell parameters is modelled further in Ref. 18.

Note that the total Cu concentration present in the samples
could not be directly measured, and therefore, the absolute Cu
concentrations from the simulations may not correspond
directly to those present in the samples. The specific simulated
total Cu concentration was 10" cm 2. Nevertheless, simulated
trends between the three cooling profiles persist with varying
simulated total Cu concentrations. For example, a factor of
two higher total Cu concentration results in exactly a factor of
two higher bulk final Cu concentrations in all samples.

Indeed, the trends from the simulations are consistent
with the experimental observations in Figs. 2 and 3, with the
800 °C fast-cool RTA leading to the most severe Cu-LID as



032104-4 Nampalli et al.

well as displaying significantly higher post-RTA bulk Cu
concentration in the simulations compared to the other two
samples. Thus, the simulations offer a plausible physical root
cause for the observed experimental behavior.

To summarize, the experimental and simulation results
in this study demonstrate that RTA can cause significant ther-
mal redistribution of Cu point defects from the phosphorus-
doped layer back to the wafer bulk. For the semiconductor
industry, the results give insights into the thermal stability of
Cu gettering in the device fabrication. Although this study
focused on copper, the thermal stability of gettering of other
fast diffusing metal impurities, such as nickel, cobalt, and
iron, can be questioned as well. For example, it has been
reported that RTA can dissolve iron precipitates in the
bulk'®?® while this study implies that the measured increased
interstitial iron concentration could also be due to iron diffu-
sion from the phosphorus layer. On the other hand, there are
also opposite results showing that the presence of a phospho-
rous emitter during subsequent anneals increases the minority
carrier lifetime.?' So far, iron redistribution from the phos-
phorus layer has been verified only with very long anneals
(1h). %% Finally, while this study focuses on Cu gettering by
phosphorus emitters, it is plausible that a similar redistribu-
tion could also occur after RTA if Cu is gettered by alumi-
num back-surface fields (Al—BSF),24 boron-rich 1ayers,25 or
dielectric films.?

For the photovoltaic industry, these results highlight the
fact that the final processing step for silicon solar cell fabrica-
tion, namely, RTA of screen printed metal contacts, can be the
origin of severe Cu-LID. Further, this study also demonstrates
a clear potential for mitigating Cu-LID via the use of slower
cooling rates after high temperature anneals and/or lower peak
temperatures. Finally, the observations in this study are also
particularly significant for investigations into other LID effects
such as the so called Light and elevated Temperature Induced
Degradation (LeTID) and boron-oxygen LID (BO-LID). These
LID mechanisms are also known to be modulated during RTA
and/or activated by RTA.

In particular, Eberle ef a observed that a fast ramp
rate in RTA induces strong LeTID, while a slower ramp rate
practically eliminates it—which is similar to the behaviour
observed in this study. Furthermore, several other stud-
ies”® 2 have consistently reported that the magnitude of
LeTID increases with peak firing temperature, with peak
temperatures <650 °C leading to little or no LeTID, while
temperatures between 700 °C and 950 °C trigger degradation.
These trends in degradation behaviour with firing tempera-
ture and cooling rate correlate well with the present study. In
contrast to LeTID, an increase in peak firing temperature
and cooling rate is known to decrease the magnitude of
BO-LID,**** which is opposite to the trend observed here.
However, an increase in non-BO related LID has been
observed in Cz silicon at peak firing temperatures above
~650°C.>**> While such effects have been attributed to
LeTID,***” the possibility of Cu-LID being responsible for
such LID effects has not been specifically precluded in such
studies. It must be noted that there exist other empirical
differences between LeTID and Cu-LID (e.g., SRH proper-
ties” %% and activation energy of degradation®'®).
However, Cu concentrations as low as 10'°cm ™ have been

1.27,28

Appl. Phys. Lett. 113, 032104 (2018)

shown to induce Cu-LID,* although the threshold concen-
tration depends on the substrate quality. Therefore, it can be
concluded that if copper exists in sufficiently high concentra-
tions in wafers used in the investigation of these other LID
effects (particularly LeTID), it is likely that the observed
degradation effects in such cases can be at least partially
attributed to Cu-LID.

See supplementary material for the full time-dependent
simulations of segregation coefficient, diffusivity, and cop-
per distribution during the rapid thermal anneals studied in
this paper.
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