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Quasi-steady-state photoconductai@SSPC and deep level transient spectroscdP.TS) were used to characterize the mi-

nority carrier lifetime properties of reactive ion etched p-type Si. The effective lifetime of the plasma-processed samples degraded
after etching, with the densities of recombination centers increasing linearly with etch time. Evidence is provided for the long-
range (>2um) migration of defects in the plasma-etched samples. A discrete defect with energy position at (0.32

+ 0.02) eV, that could be either B- or H-related, was detected by DLTS in the etched samples. Furthermore, this energy level
could be used to adequately model the injection-dependence of the measured carrier lifetimes using the Shockley-Read-Hall
model. Our results show that DLTS and QSSPC is a powerful combination to characterize the electrical properties of defects that
are relevant to the performance of solar cells.
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Plasma(or dry) etching has become a dominant technique in etched Si is required. In this paper, we investigate the influence of
semiconductor processing because it provides highly anisotropiceactive ion etching in a CHFO, plasma on the minority carrier
etch profiles with good selectivify? Etching of vias and trenches in lifetime of p-type float zone Si. We also demonstrate that deep level
SiO, is now a critical step in the fabrication of multilevel intercon- transient spectroscopy and minority lifetime measurements as used
nects for the ultralarge scale integration of Si devitdzurther, here is a powerful combination for characterizing the electrical
nanometer-size patterns are routinely patterned onto polysiliconproperties of defects that adversely influence the performance of
Si0, or SN, using plasma etching for fabricating devices and Solar cell materials.
structures as diverse as semiconductor mem8rephotonic )
crystals®” high electron mobility transistofslaser diode€,and mi- Experimental
croelectromechanical systethdhere are, however, areas of semi- Two 4 in. boron-doped float zon@Z) wafers labeled A and B
conductor research where plasma etching has not made a significagfith resistivity 0.75-1.25 and 140-15Q cm, respectively, were
impact. In the field of photovoltaicdV), the fabrication of silicon used. The wafers were polished in a HF:HNQ:12 by volume
solar cells is still heavily reliant on wet chemical etching. Previous mixture prior to RIE in an Oxford PlasmalLab80 system. After
studies have used plasma etching in silicon solar cell processinghemical polishing, the wafers were between 480 and&@Ghick,
either as a substitute for all wet chemisthor for a specialized  and they were cleaved into quarters for plasma etching. Samples
purpose, such as metallizatibhHowever, plasma etching creates from B were exposed to a CHFO, plasma for 30 s to 5 min, while
defects in the near-surface region of the exposed semicondticfor. ~ samples from wafers A were exposed for 5 min. The GHB;

The electrical properties of the solar cells usually degrade in theplasma has a high etch selectivity fog/Sj or SiO, over photoresist
presence of electrically active defects that may act as either trappingng Sil” In this study, RIE was performed at 23°C in a mixture of

or recombination centrésS.Schaefer and Ludeman have_ reported a 5 geem CHE and 5 sccm Qat a process pressure of 55 mTorr. In
nearly damage-free RIE process for solar cell processing, whereby,- R|E system, the samples are placed on a water-cooled electrode
dry plr‘?cessed solar cells show the same performance as wet etcheght it maintained at 23°C by a water chiller. The rf power was 200
cells: ) _ - ~ W, yielding a dc self-bias in the range 450-500 V. These parameters

The need to increase the price competitiveness of PV relative tqyere chosen based on the processing that we typically use in the
nonrenewable energy sources calls for new concepts in solar cefprication of our novel thin-film Si solar cell§. After RIE, the
design and fabrication. In this respect, a novel low-cost, high-samples were chemically cleaned prior to light phosphorous diffu-
efficiency micromachined Si solar cell has recently been developedijon and oxidation. This high temperature step serves two purposes,
at the Australian National University. The innovative features of namely, it mimics the post-RIE high temperature processing in our
the new cells include the improved Si utilization by a factat2, a solar cell fabrication scheme, and it provides surface passivation for
reduction in the number of wafers per kW by30, high efficiency ~ minority carrier lifetime measurements. The surface passivation of
and perfect bifacial response. Reactive ion etcHiRtE), in con- samples was completed with a forming gas anneal at 46®@on-
junction with wet chemistry, is one option that can be used in thetrol samplegi.e,, no RIE) of each resistivity were subject to identi-
micromachining and metallization steps of the new technology. Thecal etching, cleaning and surface passivation steps as the plasma-
number of steps in our process could be reduced by elimination of dreated samples. The control samples allow the recombination rate
few chemical etch steps by etching Si@nd/or SiN, layers due to all processes other than those caused by RIE, such as recom-
through to the Si substrate. This is desirable for reducing devicebination at the surfaces, and recombination in the bulk due to Auger
fabrication complexity, and to minimize the use of toxic hydrofluo- recombination and potential contamination arising from the anneal-
ric acid. To judge the desirability of etching through to the Si sub- ind, etching and cleaning steps, to be measured. To determine the

strate, intimate knowledge about the electrical properties of plasmadepth of Si surface modification due to RIE, selected samples from
wafer B were chemically etched for times between 15 s and 2 min

prior to surface passivation.
d present address: Lehrstufit flixperimentalphysik 1V, Institu fuPhysik, Univer- The rr_unorlty carrier lifetime of samples was deterrlrglnec_i using
sitét Augsburg, 86135 Augsburg, Germany. the quasi-steady-state photoconductance metQ&EPC,** which
Z E-mail: prakash.deenapanray@anu.edu.au measures lifetime as a function of excess carrier dedsityHence,
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Figure 1. Variations ofr (solid circleg and 1f ¢ (open circlegas a func- POSt'RIE Etched Depth (Hm)
tion of etch time. Figure 2. Variation of effective lifetime as a function of the amount of Si
surface etched back after RIE. RIE was carried out on sample B for either 1
or 5 minutes.

lifetime comparisons between wafers at the same valdenafan be

made, which, depending on the magnitude of the lifetime, may not

correspond to the same illumination intensity. The measured quanreading from the right axis of Fig. 1 shows that the density of re-
tity is known as an effective lifetimere;, and incorporates the combination centers in plasma-etched samples increased linearly
impact of recombination both in the bulk and at the surfaces. Deepwith etch time. Following RIE, and prior to surface passivation,
level transient spectroscoppLTS) was performed on the control  selected samples were dipped in a mixture of HF/HN® different

and plasma-etched samples from wafer A using a modified lock-intimes to etch controlled thicknesses of the plasma exposed surface
type setup. We chose wafer A for DLTS measurements because of iteyers. The results are shown in Fig. 2 for 1 min or 5 min plasma-
lower resistivity. In this case, the lower zero-bias depletion layeretched sample B. The data points for the zero post-RIE etched depth
was small -0.32um compared to~3.5um for wafer B), that correspond to the data points for 1 or 5 min RIE time in Fig. 1. Note
allowed us to probe defects close to the surface where they arénat the room temperature chemical etching of Si exhibited fairly
produced during RIE. Prior to metallisation, the phosphorous-large variances as depicted by the horizontal error bars. The results
diffused layer of samples was chemically etched. Schottky diodesn Fig. 2 show thatres could be recovered by the successive re-
were fabricated on samples by thermal evaporation of-T7% nm moval of the damaged surfaces. However, this recovery is only par-
thick and 0.5 mm diamthrough a metal contact mask. Selected tial, as the curves in Fig. 2 tend to level-off with the increasing etch
samples were annealed under Ar for 15 min between 120 and 230°@epth. This clearly shows that defects generated in the near-surface

to study the thermal stability of defects. region of the samples exposed to the plasma diffused to depths
. . exceeding 2um even before the high-temperature steps.
Results and Discussion QSSPC provides valuable information regarding the extent of

Figure 1 shows the effective lifetime.s, at an excess carrier recombination, but it does not provide any information regarding the
density of An = 1 x 10" cm 2 of wafer B as a function of RIE specific electrical parameters of the recombination centers. For the
time. Results are shown for sample B because the effect of time waldtter, we have used DLTS measurements. Figure 3 shows DLTS
more clearly resolved for this set of sample because of the highsPectra taken from contrgsolid triangle$ and plasma-etchei@pen
initial effective lifetime. An etch time as short as 30 s reduegcby ~ SYMboIS low-resistivity samplesi.e., A). The control sample con-
three orders of magnitude showing the pronounced detrimental eftained a defect A(0.54 eV} which has an energy positiorE;,
fect of RIE on the minority carrier lifetime. The results can be better = (0.54 = 0.02) eV, above the valence band edge, and apparent
analyzed by looking at the inverse of the effective lifetimer,d/  capture cross sectiow,, ~ 8.5 10 ' cn?. RIE introduced an-
Based on the Shockley-Read-H&IRH) theory of carrier generation  other defect B0.32 eV}, with E, = (0.32= 0.02) eV above the
and recombination at a discrete defect level in p-Si, the SRH life-valence band edge ane, ~ 4.2 X 10 '* cn?. The “signatures”
time can be expressed’&$* (i.e, E; ando ) of defects were determined from the Arrhenius plots

1 N. + An of In(T?e,) vs. 10001, where g is the hole emission rate afdis
A . .
= [1] the measurement temperature, shown in Fig. 4a.
Tsrr  Tpo(N1 + An) + 7o(Na + py + An) In Fig. 4a, the experimental data points are shown in open sym-
] ) ) ) bols, while the solid symbols correspond to the “signatures” of
where,An = A is the excess carrier density. The capture time con-defects H0.52 and H0.33 that were reconstructed from data re-
stantstno and, are related to the thermal velocity ), the re-  ported in the literaturé® A recent study has shown that®52 was
combination center densityNp), and capture cross sectiém) via  at least constituted from a8 pair, and that it was most likely to
Tho = U(vgoNY and tpo = 1/(vyopNy. It becomes clear from  he the B-Bs+H complex. Isochronal annealing experiments of
Eq. 1 that 1#gry is proportional to the density of the recombination H(0.5222 and a similar defect (.56 revealed that the concen-
center,N;. Because the minority carrier lifetime in our plasma- tration of this defect increased within the range of 100 to 150°C,
etched sample is at least three orders of magnitude lower than in thiollowed by a sharp decrease at higher temperatures. The isochronal
control sample, the effective lifetime that we measure correspondsinnealing results shown in Fig. 4b reveal the similar annealing be-
to the SRH recombination in the bulk of an etched sample. Hencehavior of A (0.54 e\j. Based on the results shown in Fig. 4, we
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Figure 3. DLTS spectra taken from contr@olid triangle$ and reactive ion 1000 / T (K )
etched(open symbolssample A. The sample had a2 wm thick surface
layer etched back after RIE. The bias conditions were such that the region 3.0
extending between-0.32 and ~0.65p.m was probed for the spectrum (b) .
shown in open squares, whereas the region probed was betw@82 and ] A(0.54 eV)
~0.9um for the spectrum in open circles. 2.5 © B(0.32eV)

N
o

suggest that A0.54 eV is probably the BB+H complex. A com-
parison between the DLTS spectra shown in open circles and oper
triangles in Fig. 3, reveals that £0.54 e\) was confined within
approximately the top O.wm of the plasma-etched sample. This
probably reflects the in-diffusion of hydrogen during chemical etch-
ing in HF solution.

As can be seen from Fig. 4a, the “signature” of(B.32 e\j is
similar to that of H3* (solid triangle$ and H0.33 (solid circles.??
H2 is similar to defect K148 K),?® that has been reported in proton-
implanted Cz and FZ Si, respectively. Furthermore, the two defects
have been shown to be H-related hole traps. Because H is present i
our samplegA (0.54 eV is H-related and the “signature” of B
(0.32 eV} is similar to H2 and H148 K), it is tempting to conclude

-
o

Defect Intensity : A(dC/C) X 10
() -
» »

that B(0.32 eV} is probably H-related. However, 8.32 e\j has a 0.0 *

lower thermal stability that both H2 and (48 K). B (0.32 eV} is 0 50 100 150 200 250
unstable above 125°C, whereas(H!8 K) and H2 are stable up to . o
300 and 250°C, respectively. On the other hand0F3), that has Annealmg Temperature . TANN ( C)

been proposed to be B-relat&thas a similar annealing behavior as »
B (0.32 eV). Furthermore, a defect H1 with similar electronic and Figure 4. (a) Arrhenius plots from which the “signatures” of defects were
annealing properties as ®.32 eV} has previously been observed in determineq. The data shoyvn in Sp"d symb_ols show the “signatures" Of. hole
ion implanted or electron irradiated p-type epitaxialz%Hl could traps previously reported in the literatufe) isochronal annealing behavior
not be detected in p-type samples containing a high concentration off A (0-54 €Y and B(0.32 V.
O (i.e., p-type Cz Si. It was, therefore, concluded that the H1 was a
B-related defect. Because the concentration of O in FZ samples can
be expected to be relatively low, our results sug%est that 22 e\j model the injection dependent minority carrier lifetime measure-
could be a B-related, similar to K0.33%? and H1?® The formation ~ ments(selected samples onlyThe open symbols in Fig. 5 are the
of A (0.32 eV is initiated through the formation of Si interstitials, experimental data points, while the lines are fits to Eq. 1. The so-
Si;, during the low-energy bombardment of the surface duringcalled SRH densities; andp, in Eq. 1 are given by
plasma etching. These interstitials preferentially fornbBthe Wat-
kins replacement mechanism because of the low concentrations of Ec — E; E,— Ey
competing traps like C and O in FZ $iThe boron interstitials then Ny = Ncex;{ TTKRT ) P1 = Ny exy{ kT ) (2]
interact with other impurities to form £0.32 e\). It is worth noting
here that defect H2 in Ref. 24, that has been attributed to B, also has ) N o
similar_electronic and annealing properties as(®54 e\). H whereE, is the energy position of the recombination ceni&y,and
(0.33,22 and hence A0.32 eV, is expected to have an exponen- Ey are the energies of the conduction and valence band edge, and
tially decaying distribution when formed at the surface, which is Nc andNy are the effective densities of states in the conduction and
consistent with the results shown in Fig. 2. the valence band, respectively. Whep = E;, then,; andp, equal

We now attempt to use the electronic properties ¢0B2 e\ to the equilibrium densities of electrons and holes, respectively. Be-
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chemical etching. The accumulation of damage in the near-surface
region of the plasma processed sample depends critically on the rate
at which the damaged layer is removed. In Ref. 14, g @Bsma
that provides a high etch rate of Si was utilized because there was no
need for a high selectivity between SiCor SiN,) and Si. In our

100 Sample B : 5 min RIE + 2 min Si etch

Effective lifetime : 7 (us)
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Figure 5. Modeling of the injection dependence of the minority carrier life-
times in plasma-etched samples A and B using the SRH formalism. The soli
line for sample A includes the effect of minority carrier trapping centers. The
downward curvature of the model at high injection is caused by Auger re-
combination.

solar cell fabrication procedu
tween the dielectric and Si, so that the Si etch rate is very low.
Another difference is the use of a higher rf power yielding a dc bias
between 450 and 500 V in the present study as opposed to 100 W
power producing a self-bias of only 15 V in Ref. 14.

,we require a high selectivity be-

Conclusion
In summary, we have used the combination of QSSPC and DLTS

to characterize the minority carrier lifetime properties of reactive ion
etched FZ p-Si. Compared to the control sample, plasma-etching
degraded the lifetime of minority carrier by three orders of magni-
tude. A hole trap B(0.32 eV above the valence bandas detected

in the etched sample, which could be either B- or H-related. We
have shown that this energy level can be used to model the injection
dependent minority carrier lifetime in the plasma-etched samples,
although the values of the capture cross sections are uncertain. Our
results have shown that QSSCC and DLTS form a powerful combi-
nation of analytical techniques for the characterization of defects
Jhat are relevant for the performance of solar cells.
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ing the capture cross section for electrons nor the effect of tempera-
ture on the majority carrier capture cross section ¢dDB2 e\j, we

have used the room temperature values of minority and majority % g
carrier capture cross sections for(l8 K) in Ref. 25. However, we 5 1
J

have used the value & extracted from Fig. 4a. Auger recombina-
tion was included in the modelling procedure, which impacts at high 4-
excess carrier densitié8. >

The simulations provide reasonable fits to the experimental data

as shown in Fig. 5 folN, = 5 X 103 cm™ (sample B and N, 7.

= 2.4 10" cm 3 (sample A. However, the values ¥, are 5-10
times larger than what can be estimated from the DLTS data in Fig.

3. We have found thal; became comparable to the DLTS estimate 9.

when larger valuesgby a factor of 10 of carrier capture cross sec-
tions were used. This highlights the uncertainty in the capture cros

section values. Another point to note is that the experimental datg

for sample A exhibits an increase at low carrier injection that cannot

be explained by the SRH formalism. This phenomenon can, how-2-

ever, be explained by the presence of centers which only trap an
release minority carrierd The effect of such minority carrier traps

has been simulated in parallel with the recombination process in Fig14.
5, and results in a reasonable fit to the experimental data. Howeveis-

we cannot account for the presence of such trapping centers i
sample A only. It should be emphasised that other combinations o

energy levels and capture cross sections could also provide reasonz.

able fits to the data, and as such we can not definitely conclude that

the parameters used are correct. Nevertheless, the results at Ie%gt R. A. Sinton and A. Cuevasppl. Phys. Lett.69, 2510(1996

show that an energy level of 0.32 eV is not inconsistent with the 5o

measured injection dependence. We therefore speculate #{e83B  21.
eV) is responsible for minority carrier lifetime degradations in our 22.
plasma-processed samples. .

Finally, we would like to make a comment regarding the results 54
in Ref. 14 that showed no significant difference between the prop-zs.
erties of chemically- and plasma-processed solar cells. Plasma etcié-

ing consists of two competing processes regarding the creation o,
defects, namely low-energy ion bombardment of the surface andgg

removal of the damaged layer by a combination of physical and29.

8.
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