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Abstract: Crystalline silicon (c-Si) solar cells with passivation stacks consisting of a polycrystalline
silicon (poly-5i) layer and a thin interfacial silicon dioxide (SiO,) layer show high conversion ef-
ficiencies. Since the poly-5i layer in this structure acts as a carrier transport layer, high doping of
the poly-5i layer is crucial for high conductivity and the efficient transport of charge carriers from
the bulk to a metal contact. In this respect, conventional furnace-based high-temperature doping
methods are limited by the solid solubility of the dopants in silicon. This limitation particularly
affects p-type doping using boron. Previously, we showed that laser activation overcomes this
limitation by melting the poly-Si layer, resulting in an active concentration beyond the solubility
limit after crystallization. High electrically active boron concentrations ensure low contact resis-
tivity at the (contact) metal/semiconductor interface and allow for the maskless patterning of the
poly-Si layer by providing an etch-stop layer in an alkaline solution. However, the high doping
concentration degrades during long high-temperature annealing steps. Here, we performed a test
of the stability of such a high doping concentration under thermal stress. The active boron concen-
tration shows only a minor reduction during SiNy:H deposition at a moderate temperature and a
fast-firing step at a high temperature and with a short exposure time. However, for an annealing time
tanneal = 30 min and an annealing temperature 600 °C < T peq1 < 1000 °C, the high conductivity
is significantly reduced, whereas a high passivation quality requires annealing in this range. We
resolve this dilemma by introducing a second, healing laser reactivation step, which re-establishes the
original high conductivity of the boron-doped poly-Si and does not degrade the passivation. After a
thermal annealing temperature Topneq) = 985 °C, the reactivated layers show high sheet conductance
(Ggp) with Gy, = 24 mS sq and high passivation quality, with the implied open-circuit voltage (iVc)
reaching iVpc = 715 mV. Therefore, our novel three-step process consisting of laser activation, thermal
annealing, and laser reactivation/healing is suitable for fabricating highly efficient solar cells with
p**-poly-Si/SiO; contact passivation layers.

Keywords: passivating contacts; poly-Si layers; laser activation; thermal stability; electrical deactivation;

reactivation

1. Introduction

Solar cells with passivated contacts are widely considered the future technology of
solar cell production because of their superior passivation quality. Two main passivated
contact technologies are silicon heterojunction (SHJ) cells and tunnel oxide passivated
contact (TOPCon) solar cells. SHJ solar cells offer a good passivation quality with a
high open-circuit voltage, but the necessity of low-temperature metallization and the
scarcity of the required indium for indium tin oxide (ITO) create obstacles to large-scale
industrialization [1]. On the contrary, the production capacity for TOPCon solar cells is
quickly expanding [2] due to the fact that upgrading the production line from the current
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industrially dominant passivated emitter rear cells (PERCs) to TOPCon requires only a few
additional process steps [3]. TOPCon technology uses passivation layers consisting of a thin
interfacial silicon dioxide (SiO;) layer and highly doped poly-silicon (SiO; /poly-5i). The
present industrial TOPCon solar cells use a highly phosphorous-doped n-type poly-Si layer
(n*-poly-Si) fabricated by furnace-based processes for passivating rear-side contacts [4-6].
However, future, more advanced cell concepts with passivated contacts will also need
p-type-doped poly-Si layers (p*-poly-Si) in order to passivate both polarities. Such cells
could be poly-Si passivated interdigitated back contact (IBC) solar cells and TOPCon
cells with a p*-poly-Si/SiO, passivation layer on the front side. Compared to n-type
doping, achieving high p-type doping in a poly-Si layer with conventional dopants such as
boron is more challenging with conventional furnace-based processes due to the relatively
low solid-state solubility s of boron in silicon, which amounts to s ~ 1 x 1020 cm~—3 at
1000 °C [7]. Furthermore, furnace-based processes do not allow such passivation layers to
only be applied locally.

In a previous publication, we introduced a laser activation process resulting in poly-Si
layers that are supersaturated with electrically active boron atoms beyond the solid solubil-
ity limit [8]. Due to the significantly higher diffusion coefficient (D) of boron in molten Si com-
pared to solid Si (D; =~ 10~* cm?/s in liquid [9], Ds ~ 10~ cm?/s in solid at 1150 °C [10]), the
majority of boron atoms, including the electrically deactivated atoms, diffuse into the
molten Si after a laser pulse melts the lightly furnace-doped p*-poly-Si layer. When the
laser pulse is finished, the molten silicon quickly recrystallizes and traps the boron atoms
in the silicon lattice. Obviously, the boron atoms stay electrically active after crystallization
at concentrations above the solubility limit [11,12].

For the production of highly efficient industrial Si solar cells, a high boron concentra-
tion in poly-Si layers beyond the conventional solid solubility promises the following ad-
vantages:

*  Low contact resistivity at the (contact) metal/semiconductor interface [13]: The low
solubility of boron in Si was shown to be a limiting factor for the contact of p*-poly-5i
layers with conventional furnace-processed layers [14].

*  Maskless and, consequently, low-cost patterning: Highly boron-doped p**-poly-Si
layers provide the necessary etch stop in an alkaline solution such as potassium
hydroxide (KOH) [15]. We currently use this feature for the production of advanced
passivated contact cells with selective p**-poly-Si layers [16,17].

Thus, the high active boron concentration in the poly-Si of the stack p**-poly-Si/SiO, /bulk
Si has many advantages. However, there are two main open questions:

*  How stable is the high supersaturated active boron concentration achieved by laser
activation during solar processing, particularly in high-temperature processes such
as subsequent furnace diffusion, oxidation, or high-temperature annealing? Other
authors have studied boron-implanted, laser-annealed, highly boron-doped poly-5i
layers and demonstrated reduced electrical activity after such annealing processes:
dopant clustering or precipitation was deemed responsible [18-20]. Mizushima et al.
showed that boron precipitation also happens after high-temperature annealing
in highly boron-doped a-Si layers deposited via a low-pressure chemical vapor
deposition (LPCVD) method [21]. Some studies also showed that boron atoms
segregate at poly-Si grain boundaries, resulting in electrically inactive boron
atoms [22,23]. A similar effect was also previously observed for dopant-implanted and
laser-annealed samples with other dopants, such as phosphorus and arsenic [24,25].

e What is the surface passivation quality of p™*-poly-Si/SiO, passivation stacks with
highly boron-doped poly-Si layers? High open-circuit voltages are indispensable for
highly efficient solar cells.

The present contribution reports on an extensive thermal stress test of our highly
laser-doped, supersaturated poly-Si layers by measuring the conductivity after high-
temperature annealing steps 30 min in length. In addition, in parallel, we investigated



Energies 2024, 17, 1319

3of 14

the passivation quality of the 5iO,/bulk Si interface by monitoring the implied open-
circuit voltage derived from minority carrier lifetime measurements. Our main results are
as follows:

*  The classic deposition of passivating SiNx:H at a moderate deposition temperature
T depo. =450 °C for tyepo. = 30 min and with fast firing with a short exposure time
(several seconds) to a high peak temperature Tfing =825 °C does not reduce the
conductivity of the laser-activated /doped poly-Si.

*  The high (electrically active) boron concentrations obtained with laser activation are
significantly reduced during high-temperature annealing steps with temperatures in the
range 600 °C < Tannear < 1000 °C and relatively long annealing times #1491 = 30 min.
However, this effect is only due to a reduction in/the deactivation of electrically
active boron atoms during high-temperature annealing, not due to out-diffusion. As a
consequence, here, we introduce a novel laser reactivation process by melting the poly-
Si a second time. This process “heals” the poly-Si layers again and almost completely
re-establishes the high boron concentrations with high sheet conductances Gy, up to
Ggp =24 mS sq.

e High (implied) open-circuit voltages after the original laser activation require high-
temperature annealing (which, at the same time, degrades the conductivity of poly-5i).
However, using our novel laser reactivation process not only restores the original high
conductivity but also is compatible with high passivation quality. Finally, together
with the high sheet conductance Gy, = 24 mS sq, we also obtain an implied open-circuit
voltage iVpoc =715 mV.

Thus, our novel process, consisting of the laser activation (doping) of highly boron-
doped poly-5i, thermal annealing (to improve the passivation quality of the SiO, /bulk Si
interface) and laser re-activation, paves the road to highly efficient tunnel oxide passivated
solar cells using p*-poly-Si/SiO, stacks on bulk Si.

2. Sample Preparation

Figure 1 shows the process flow to create the test samples for studying the effect
of high-temperature annealing on the electrical characteristics and passivation quality of
laser-activated p**-poly-Si/SiO, layers. We used as-cut n-type Czochralski (Cz) silicon
substrates with a base resistivity of 3.4 Q)cm. Wafers were saw-damage-etched in a sodium
hydroxide (NaOH) solution and cleaned in a mixture of sulfuric acid (HySO4) and hydrogen
peroxide (H,O,). Next, we used a tube process to thermally oxidize the wafers to create a
thin interfacial oxide layer with a thickness of approximately 2 nm. Afterward, we used
LPCVD to deposit a hydrogen-free intrinsic silicon thin film with a thickness of around
150 nm. Next, we lightly doped these films in a boron tribromide (BBr3) diffusion furnace
at a diffusion temperature T4i = 820 °C. This high-temperature step also recrystallizes
the silicon thin film. A grain size of d; ~ 6 nm was extracted using a peak analysis of
X-ray diffraction (XRD) measurements after the BBrs diffusion step. The borosilicate glass
(BSG) created during diffusion was removed in 2% hydrofluoric acid (HF) prior to the laser
activation process. Laser activation was performed on nine square-shaped fields with an
area Ajserfield = 38 X 38 mm? with a green nanosecond laser tool and a rectangular-shaped
top-hat laser beam profile with an area of Aspot =300 x 600 um?. All fields were processed
with the same laser pulse energy density H, = 2.1]/cm?. This H,, value, in our previous
publication, was found to be the optimal laser processing setting for our poly-Si layer with
a thickness of dj,oly.s; = 150 nm [8]. The irradiation was performed with the same pulse
repetition rate of f = 16 kHz. The laser pulse overlap was 10% in both scanning directions
(x,y). An average grain size of dg ~ 20 nm was extracted from the XRD measurements after
laser activation. The electrical properties of the samples were measured at this stage by a
four-point-probe measurement of the sheet resistance Ry, and electrochemical capacitance—
voltage profiling (ECV) for the characterization of the doping profile.

Subsequently, the laser-activated samples were annealed at different temperatures,
ranging from Tanneal min = 600 °C to Tapneal max = 1000 °C, in nitrogen ambient for a duration
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of tanneal = 30 min using six wafers per annealing temperature. Subsequently, the annealed
samples at different temperatures were divided into two main groups, each consisting of
three wafers:

®  Sheet resistance samples: These samples were used to study the effect of different
annealing temperatures on the electrical properties. The Ry, and the doping profiles
of this group were measured after high-temperature annealing. The second laser
reactivation and healing process was carried out for this group, followed by additional
Ry, and ECV measurements.

*  Passivation samples: We used these symmetrical samples to assess the influence of
each annealing temperature on the passivation quality. For this purpose, using plasma-
enhanced chemical vapor deposition (PECVD), both the front and rear sides of these
samples were coated with a silicon nitride (SiNy:H) layer, which serves as a hydro-
gen source for improving the passivation by the saturation of defects at/in the
interfacial oxide. The passivation quality was measured with quasi-steady-state
photoconductance (QSSPC) measurement using a Sinton WCT-120 tool. Addition-
ally, we used photoluminescence (PL) imaging for the qualitative assessment of
the passivation.

The passivation quality following the laser reactivation step was not tested with the
indicated sheet resistance samples due to the destructive nature of the ECV measurement.
Instead, as described in Section 6, we created a new set of samples to investigate the influence
of the laser reactivation step on passivation with different laser pulse energy densities.

sheet resistance samples passivation samples

( n-type Si substrate J

saw damage etching + cleaning
interfacial oxide
LPCVD i-poly-Si (155 nm)
BBr3 diffusion
BSG removal
laser activation
ECV / four-point probe
annealing variation at N2
ECV / four-point probe SiNy:H
laser re-activation QSSPC / PL

ECV / four-point probe

Figure 1. The process flow for test sample preparation. After the saw damage etching and cleaning
of the substrates, the SiO, /i-poly-Si layers were symmetrically created on the front and rear of the
wafers. Next, the intrinsic Si films were lightly doped in a BBr3 diffusion furnace. After removing the
BSG layer, the laser activation step was performed. Here, the electrical characteristics of samples were
measured prior to the annealing variation step. Next, the samples were annealed in nitrogen ambient
at different annealing temperatures for a duration of ¢,ne,1 = 30 min. Thereafter, samples were split
into two groups: sheet resistance samples and passivation samples. Sheet resistance samples were
used to measure the doping profile and Ry, after the annealing variation step. This group of samples
received the second laser reactivation (and healing) and subsequent Ry, and ECV measurements. The
passivation samples received an extra SiNy:H layer before the QSSPC and PL measurements.
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3. Deactivation

The industrial production of screen-printed passivated contact solar cells usually
involves several high-temperature steps, such as high-temperature annealing, SiNy:H
deposition, and a fast-firing step [4,5]. In our case, this raises the question of the stability
of our high active boron concentration, achieved by non-equilibrium, laser-induced
supersaturation, during these thermal processes. Consequently, we performed a de-
tailed study on the temperature-induced stress resistance of the laser-doped/activated
poly-Si layers.

3.1. Deactivation during SiNy:H Deposition and Fast Firing

Most of the current industrial c-Si solar cells use a PECVD-based SiNy:H coating as an
antireflection (AR) layer and hydrogen source for passivation [26]. To imitate the real solar cell
process with SiNy:H deposition at the front and rear, we annealed the laser-activated samples
twice in a PECVD furnace at Tgepo. =450 °C for fepo. = 30 min without SiNx:H deposition.

Deactivation during the fast-firing step was also tested by measuring the ECV profiles
of a laser-activated sample before and after fast firing at a Tying = 825 °C peak temperature.

Figure 2a compares the ECV profiles of samples after the laser process and after the
annealing step under the SiNy:H deposition condition. We quantified the reduction in the
active boron concentration by comparing the depth-integrated average active doping dose
or sheet concentration (Ng;) within the poly-Si layers. Ny, is calculated by integrating the
ECV profiles over the poly-Si layer thickness using

_ Ay olv-Si
Ng, = / poly Sln(z)dz. (1)
0

Even though the sheet concentration is reduced from Ng;, = (6.8 £ 0.1) x 10 em~2 to
Ny, = (4.9 £ 0.2) x 101 cm~2 after the annealing step at SiNy:H deposition condition, the
sheet concentration is still in a good range for establishing a metal /semiconductor contact
with low contact resistivity [27].

Figure 2b shows the effect of the fast-firing step on the active doping concentration
of a laser-processed poly-Si layer. The sheet concentration is almost unaffected by the
fast-firing step, with a measured Ny, = (7.1 £ 0.2) x 10 cm~2 for the as-lasered stage and
Ny = (6.9 £ 0.3) x 10'°> cm~2 after fast firing.
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| (@)
As-lasered

102 b Ny, = (7.1 £0.2) x 10" [cm™?] |

cvl._J—.
IS
L
<
1 C
' .0
%. After SiN,:H deposition © . 8 /
.__-—i—_-tp/ N, = (4.9 £ 0.2) x 10" [cm™?] = gassijsyasssonsis 358,
| e o) W Loe
B | o b 1 A
. g H °
102 b " 1 O10%F sio, | " 1
sio, | % s "~
~ & o ; After firing
! ’ 8 ! N, =(69£0.3)x 10" [cm™]
poly Si : % c-Si C|>) poly Si : c-Si
| = i
1019|||||||||1||1 | IR R T 21019lIIlIIllI:llIlllllIl
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Depth z [um] Depth z [um]

Figure 2. (a) Dopant deactivation for simulated (double) SiNy:H deposition. The laser-processed
samples were annealed twice at T gepo, = 450 °C for fgepo, = 30 min to mimic SiNx:H deposition on
the front and rear sides of a solar cell. The annealing steps result in a slight reduction in the active
doping concentration. (b) The active doping concentration in the laser-processed poly-Si layer remain
almost unchanged after the fast-firing step with a peak temperature Tf;ig = 825 °C.
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3.2. Deactivation during High-Temperature Annealing

Figure 3a shows the sheet conductance of the samples directly after the first laser
activation and after annealing at various temperatures. To acquire the G, values, the sheet
resistance of the samples was measured at three points of each of nine laser-activated fields
and then converted to Gy, values through

Gsh = 1/Rsh- (2)

The substrates of the samples do not contribute to the Gy, values because of the use of
opposite doping types for substrates and poly-Si layers (See Figure 1).

We categorize the G, values into four zones based on the observed differences in the
dependency of Gy, on annealing temperature:

*  Zone A, Typpeal =0 °C: Without annealing, high Gy, = 15 mS sq is measured after laser
activation.

* Zone B, 600 °C < Typneal < 750 °C: Annealing the laser-activated layers results in a re-
duction in the conductivity from Gy, = 15 mS sq for the as-lasered stage to Gy, = 10 mS sq
for samples annealed at Typnea min = 600 °C. But increasing the annealing temperature

only marginally reduces G, with a deactivation rate D, =5 x 107® mS sq/°C up
to Tanneal = 750 °C.

e Zone C, 750 °C < Tappeal < 900 °C: Annealing in this range results in a significant
reduction in G, values; the deactivation rate is D, = 1.2 x 1072 m$S sq/°C. The min-
imum Gg, =4 mS sq is obtained for samples annealed at Toppeq = 900 °C. This tem-
perature range is also relevant for poly-Si annealing in passivated contact solar cells.
Hence, the observed deactivation might create problems in today’s real solar cell pro-
duction. In the same temperature range, an earlier study [18] also found substantial
deactivation for boron-implanted and laser-annealed samples. Boron precipitation
was assumed to be responsible for the deactivation [18].

* Zone D, T pneal > 900 °C: The Gy, values increase when increasing the annealing
temperature at a rate of D, =4.7 x 107> mS sq/°C. We attribute this fact to the
creation of a doping tail inside the c-Si substrate, as shown by the ECV profiles
in Figure 3b.

Figure 3b compares the electrically active doping profiles of samples after laser
activation and after different annealing steps. The ECV profiles follow the trend
of Gy, values in different zones, as defined in Figure 3a. For non-annealed samples
(temperature zone A), after the laser activation step, high active boron concentrations
are measured that exceed the solid solubility limit of boron in Si smax = 5 % 1020 cm 3
at 1200 °C [28]. The flat, box-shaped profile shows that the electrically active boron
atoms are distributed homogeneously in the entire poly-Si layer after laser activation.
For 600 °C < Tanneal < 750 °C, in temperature zone B, after annealing at T npeq = 600 °C,
the ECV profile shifts to lower concentrations, and it evolves from a flat profile (for the
lasered stage) to a curved profile (after annealing). The main reduction in the active
concentration is observed at the surface as well as at the poly-5i/SiO, interface. In this
temperature zone (B), increasing the annealing temperature leads to a continuous shift in
the active concentration to lower values. Also, the deactivation at the surface and at the
poly-Si/SiO, interface becomes more pronounced at higher annealing temperatures. This
fact suggests that deactivation in this temperature zone occurs via the segregation and
deactivation of boron atoms into the native SiO; at the surface of the poly-Si layer as well
as into the interfacial SiO; at the poly-5i/SiO; interface. For annealing temperatures in the
range 750 °C < Tapnear < 900 °C, in temperature zone C, significant deactivation occurs at
T anneal = 800 °C. We assume that boron precipitation occurs at this temperature range, as
suggested by Ref. [18]. Higher annealing temperatures further reduce the active boron
concentration and result in relatively flat profiles. In temperature zone D, for temperatures
T anneal = 950 °C, the doping tail extends into the c-5i mono crystalline substrate. The tail
becomes deeper when increasing the annealing temperature. The observed effect depends
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Figure 3. (a) The high G, obtained after laser activation in zone A is reduced to the lower Gg,
value when performing the different annealing steps in temperature zone B. However, in zone
B, Gy, only shows a minor reduction at higher annealing temperatures. In temperature zone C,
T anneal = 800 °C results in another significant decrease in Gy, and deactivation occurs at a higher rate
in this zone compared to zone B. Annealing temperatures Taypea > 950 °C in temperature zone D
raise the conductivity once again by deepening the doping tail in the c-Si substrate, as proven by
ECV measurements. (b) The high boron concentration after laser activation continuously decreases
when increasing the annealing temperature up to Typnea1 = 750 °C. The reduction in concentration
is more pronounced at the poly-Si layer’s surfaces as well as at the poly-Si/SiO, interfaces. The
800 °C < Tanneal < 900 °C temperature range significantly lowers the concentration. At higher
annealing temperatures of Topneq) = 950 °C and T yppea; = 1000 °C, the boron concentration within the
poly-Si layer remains at the lowest measured level, whereas the created doping tail in the ¢-Si substrate
gets deeper when increasing the annealing temperature. The doping tail in c-Si contributes to the mea-
sured sheet resistance, and therefore, as shown in (a), it raises the conductance. (c) The active doping
dose in the poly-Si layer decreases from Ny, = (7.7 4+ 0.3) x 10'® cm 2 to Ny, = (6 4 0.2) x 10'® cm 2
after annealing the laser-activated samples at Tppeq; = 600 °C, demonstrating electrical deactivation
upon high-temperature annealing. Further reductions in Ny, continue for samples annealed at higher
temperatures up to Topneq) = 900 °C. Annealing temperatures Typpeq; = 900 °C do not further decrease
the active doping dose in the poly-5i layer.
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Figure 3c depicts the sheet concentration Ny, within the poly-Si layer. As expected from
the ECV profiles, N, decreases continuously when increasing the annealing temperature
up to Tanneal = 900 °C, where N, stabilizes at the minimum value. The doping tail created

inside the c-Si bulk for Typnea > 900 °C is not considered in N, determination.

3.3. ToF-SIMS Profiles

Figure 4a compares the boron signals of a Time-of-Flight secondary ion mass spectrometry
(ToF-SIMS) measurement after laser activation and after annealing at Tpneq = 900 °C. The
measurements were performed with a TOESIMS V from the company IONTOF GmbH.
The flat profile after laser activation shows the uniform distribution of boron atoms within
the poly-Si layer. The annealing step redistributes boron atoms in the poly-Si layer and
increases the concentration directly at the surface and toward the poly-5i/SiO, interface,
which is explained by boron segregation in native SiO, at the surface and in interfacial
Si0O,. The segregated boron atoms become electrically deactivated, supporting the detected
deactivation at the poly-Si surface and poly-5i/SiO, interface in the ECV profiles shown
in Figure 3b.

Figure 4b depicts the integrated boron signals over the sputtering time for samples
after laser activation and after annealing at Topneqa1 = 900 °C. Unlike the significant active
boron concentration loss observed after annealing at Typpeq = 900 °C in the ECV profiles in
Figure 3b, the integral of the ToF-SIMS profiles only exhibits a marginal reduction in the
overall boron concentration after the annealing step, implying that boron atoms are still
present in the poly-5i layer.

14
T T T T T T T T T ] 1 I
(a) ] — L (b) 4
— As-lasered ) 12 L _
) 1072 : Annealed at 900 °C - <
< : = -
=2 | ] 5 | 1
2 7]
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E : S os | '
S [ ] DC3> 06 —
1o} 5 i 5 J
N 8
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2 o2 | 4
L . c
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10—5 1 1 | 1 | 1 0.0 T T
0 100 200 300 400 500 As lasered Annealed at 900 °C
Sputter Time t [s] Status

Figure 4. (a) After the laser activation step, boron atoms are distributed homogeneously in the
poly-Si layer, creating a relatively flat TOF-SIMS profile. After annealing at Tajpeal = 900 °C, the boron
concentration is increased at the surface of the poly-Si layer as well as at the poly-5i/SiO; interface,
which indicates the possible segregation of the boron atoms into native SiO; at the poly-Si surface
and interfacial SiO;. (b) Integrating the boron signal over the sputtering time shows similar amounts
of boron atoms after laser activation and after the annealing step. This finding indicates that boron
atoms do not out-diffuse during the annealing step and are still present in the poly-Si layer.

4. Passivation

Figure 5a shows the passivation quality of the lifetime samples in terms of iV ¢ at
different annealing temperatures. The Gy, values from Figure 3a are also shown to illustrate
the trade-off between the conductivity and passivation quality of the p**-poly-Si/SiO,
layers. We derived the iV values from the QSSPC measurement of nine laser-activated
fields using the Sinton WCT-120 tool [29]. The measured iV starts to increase when
elevating the annealing temperature from Tynneq > 800 °C until it reaches the highest
iVoc = (714 £ 2) mV at T yppeq) = 950 °C. This result is compatible with other studies [30,31],
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which showed that the passivation quality of poly-5i/SiO; layers strongly depends on
the annealing temperature. The improved passivation is mainly attributed to increased
field-effect passivation due to the dopant diffusing into the substrate and forming a pn
junction, resulting in the repelling of one carrier type. Additionally, Liu et al. showed that
high-temperature annealing reconstructs the interfacial SiO, and reduces the acceptor-like
defects from oxygen atoms [32]. It also seems plausible that SiO, needs to be annealed
after possibly being impaired by the Si melt during the laser activation step. The higher
annealing temperature T nneq1 = 1000 °C results in the degradation of passivation, and
therefore, a lower iV ¢ value is measured for these samples. We attribute the passivation
loss in Tappeal = 1000 °C to the damaged SiO; and the deep diffusion of boron into the ¢-Si
substrate, as shown in Figure 3b. The created doping tail inside the substrate increases the
conductance; however, the active boron concentration within the poly-Si layer remains at
the lowest measured level (see Figure 3b).

Even though the best passivation quality is achieved at Typnea1 = 950 °C, samples
annealed at this temperature show a low sheet conductance of G, = (5 & 0.2) mS sq. Due to
the trade-off between the passivation quality and the conductivity of the p**-poly-Si/SiO,
layers shown in Figure 5a, an alternative process is needed if the high supersaturated,
electrically active boron concentrations need to be maintained after annealing, e.g., for low
contact resistivities.

Figure 5b shows the effective carrier lifetime T.¢ measured at a minority carrier den-
sity of 1 x 1015 em 3. T4 follows the same trend as iVoc values and starts to increase at
T anneal > 800 °C, showing that the high-temperature annealing step is necessary to achieve
a high passivation quality with a high carrier lifetime.
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Figure 5. (a) Trade-off for the sheet conductance Gy, and implied open-circuit voltage iV ¢ for
different annealings of the p**-poly-5i/SiO; layers. For Tyynear < 800 °C, a poor passivation quality
with low iV ¢ is measured. Increasing the annealing temperature to Typneq) = 800 °C, on the one
hand, improves iVc (shown by the left y-axis and indicated by the red arrow), but, on the other
hand, the Gy, is reduced (shown by the right y-axis and indicated by the green arrow). (b) The
effective carrier lifetime 7.4 dependency on the annealing temperature. As suggested by the iV
values in (a), high annealing temperatures Typpeq1 > 800 °C are required to obtain high T values.

5. Laser Reactivation as Healing Process

Figure 6a compares G, values of thermally deactivated, annealed samples with those
of samples after healing with a laser reactivation step. For the reactivation, we performed
a second laser process with H, = 2 J/cm? using the laser tool described in Section 2. For
all deactivated samples at the various annealing temperatures, the second, healing laser
irradiation raises the conductivity to Gy, values similar to those of samples without the
thermal deactivating annealing step. The high G, of the reactivated samples previously
annealed at Typneq1 = 1000 °C is ascribed to the combination of conductance from the high
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36

Sheet Conductance G, [mS sq]

boron concentration within the poly-Si layer after reactivation and the conductance from
the deep doping tail in the c-Si substrate (see Figure 3b).
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Figure 6. (a) The second, healing, reactivating laser treatment of the thermally annealed and deacti-
vated samples increases the conductivity of the poly-Si layers to that in the as-lasered stage, regardless
of the level of deactivation caused by different annealing temperatures. The pronounced diffusion of
boron atoms into the c-Si substrate at Tyunea1 = 1000 °C contributes to the conductance and results
in higher Gg, after reactivation compared to the samples annealed at lower annealing temperatures.
(b) Due to dopant precipitation as well as segregation in SiO,, the high active boron concentration
achieved with the laser activation step is reduced to a lower concentration. The second reactivating
laser treatment re-melts the poly-Si layer and, therefore, redistributes the electrically deactivated
boron atoms in the Si melt, resulting again in a high electrically active boron concentration after
recrystallization. (c) The similar N, values of as-lasered and reactivated samples indicate that the
total boron concentration in the poly-Si layers remains nearly unchanged after thermal annealing at
Tanneal = 900 °C. The detected reduction in N, is solely due to the reduced concentration of electrically
active boron atoms in the poly-Si layer after the annealing step.

Figure 6b shows the ECV profiles after laser activation, annealing at T pea = 900 °C,
and the healing reactivation step. As discussed above, the laser activation results in boron-
supersaturated poly-Si layers. However, high-temperature thermal annealing reduces
the active boron concentration. The second, healing laser irradiation for the reactivation
of the thermally annealed samples increases the active boron concentration once again.
We hypothesize that the second laser irradiation step dissolves the boron precipitates
created during high-temperature thermal annealing and redistributes the segregated boron
atoms in surface SiO, and interfacial SiO,. A similar effect was also observed in other
studies [33,34]. Nevertheless, the ECV profile of our healed reactivated samples differs
from that of the as-lasered samples in both the concentration and measured depth. The
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reactivated sample shows lower concentrations compared to the as-lasered sample, but a
deeper profile is measured for the reactivated sample.

Figure 6¢ shows the Ny, obtained after laser activation, thermal annealing, and the
healing laser reactivation. The high N, = (9.6 & 0.3) x 10" ecm~?2 for as-lasered samples
is significantly reduced to Ny, = (1.2 £ 0.1) x 10" cm™2 after thermally annealing at
Tanneal = 900 °C and again increased to Ny, = (9.4 £ 0.2) X 1015 cm~2 with the healing laser
reactivation. The close agreement in the N, values of as-lasered samples and reactivated
samples shows that the out-diffusion of boron atoms during high-temperature annealing
is not the reason for the measured reduction in the active boron concentration, as is also
shown via the integrated ToF-SIMS profiles in Figure 4b. Not the total but only the electrical
concentration of boron atoms in the annealed sample is reduced.

6. Highly Conductive, Well-Passivating p**-poly-Si/SiO; Layers

For the laser reactivation and healing step, we also examined the influence of different
H), on the passivation quality and conductivity of poly-Si/SiO; layers. For that purpose, we
used the same sample preparation method as described in Section 2. For the first, original
laser activation, the whole wafer was irradiated with Hp =21]/ cm? ata f =16 kHz pulse
repetition rate. Next, samples were annealed at T peq1 = 985 °C in nitrogen ambient for a
duration of f,nea = 30 min. For the subsequent laser reactivation step, we irradiated the
full wafer area with various H, with five wafers for each Hy. After Ry, measurements on
one hundred points of each wafer, samples were covered with Aluminum Oxide (AlOx)
and SiNy:H passivation layers. At this stage, we measured the iV ¢ of the samples at five
points of each wafer using the QSSPC method.

Figure 7 shows the effect of different H,, in the reactivation/healing process on the
iVoc and Gy, of the p**-poly-5Si/SiO; layers. The conductivity of the layers continuously
increases when increasing H), until reaching the maximum G, = (56 4= 15) mS sq for
the highest H, = 3.6 J/cm? tested here. However, iV significantly decreases when H,
exceeds the transition laser pulse energy density Hr, i.e., for H, > Hr. Our previous work
introduced Hr as the laser pulse energy density, which results in a melt depth equal to the
poly-Si thickness [8].

In contrast to the reactivation/healing process as discussed here, our previous study [8]
showed that laser energy densities H, > Hr led to increased iVoc values (in the first laser
activation process). The observed difference originates from the thermal annealing step in
the present process sequence (after laser activation). In the laser activation process, samples
are thermally annealed after the laser treatment. In contrast, in the healing process using
laser reactivation, samples are annealed prior to the (second) laser treatment and, in order
to prevent another deactivation, do not receive a second, subsequent thermal annealing.
We attribute the different influences of H, on iVc in laser activation and reactivation
to the effect of high-temperature annealing on the restructuring of interfacial SiO, after
the laser treatment. However, avoiding the degradation of interfacial SiO,, the lack of
high-temperature annealing in the reactivation process requires the precise tuning of the
laser reactivation parameters. H) in the laser reactivation step must be carefully chosen to
melt the major part of the poly-5i layer thickness in the poly-Si/SiO; stack. At the same
time, the created Si melt must solidify before reaching interfacial SiO;.

As detailed in Ref. [8], we found the linear dependence of the melt depth on H,
in the laser processing of the poly-Si layers, which agrees with the same finding for the
conventional laser processing of bulk c-5i [35,36]. This behavior enabled us to estimate the
melt depth created by different H, [8]. For the reactivation process, we used this estimation
to determine the appropriate Hr for melting the poly-Si layer in the poly-Si/SiO; stack
without the Si melt damaging SiO; for different poly-Si layer thicknesses. This procedure
allows us to reactivate the poly-Si layer without losing the passivation quality, resulting
in a high conductivity Gg, = (24 = 7) mS sq of the poly-Si layer together with a high
iVoc = (715 & 1) mV, as shown in Figure 7. Such highly conductive reactivated layers with
high active boron concentrations ensure low contact resistivity in the metal /semiconductor
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interface [13] and enhance the lateral carrier transport through the poly-Si layer. In a
separate publication, we will report on the application of these highly conductive and
well-passivating p**-poly-5i/SiO; layers in our advanced passivating contact solar cells.
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Figure 7. The laser reactivation of thermally deactivated poly-Si/SiO; layers. After thermally treating
originally laser-activated layers at Tappea) = 985 °C for tanpeqr = 30 min, a low Gy, = 4 mS sq is mea-
sured without reactivation. The reactivation process begins when the laser pulse melts the poly-Si
layer at H, =1.6]/ cm?, and the conductivity of poly-Si layers increases as Hp increases (shown
by the right y-axis and indicated by the green arrow). For laser pulse energy densities below the
transition fluence (H, < Hr), the Si melt recrystallizes before reaching interfacial SiO,. As a conse-
quence, the passivation (gained by thermal annealing) is maintained, guaranteeing a constant, high
iVoc = (716 & 6) mV (shown by the left y-axis and indicated with the red arrow). For H, =3.6]/ cm?,
the (too thick) Si melt damages SiO;, resulting in passivation loss and, consequently, a lower
iVoc = (628 £4) mV .

7. Conclusions

Laser doping/activation allows active boron concentrations beyond the solid solu-
bility limit to be reached by melting the poly-Si layer in poly-5i/SiO, stacks on the Si
bulk of solar cells. The rapid cooling of the Si melt traps the boron atoms in Si lattice
sites, resulting in high electrically active boron concentrations and, therefore, also high
conductivity. However, in the case of solar cells, the high conductivity of the poly-Si layer
is not sufficient for high efficiencies: instead, the high passivation quality of the interface
between SiO; and bulk Si is also necessary. According to our experimental results, high
passivation quality is only possible with additional thermal annealing after laser activation.
Typically, an annealing temperature around Typpea; = 950 ° is necessary. Unfortunately,
after such high-temperature, passivating annealing, the conductivity of the poly-Si layers
is significantly reduced: the ECV profiles show a significant reduction in the originally
high electrically active boron dose from Ny, = (9.6 4= 0.3) x 10'> cm~?2 in the as-lasered stage
to Ny, = (1.2 + 0.1) x 10" em~2 after annealing at T pneq; = 900 °C. In contrast, ToF-SIMS
measurements only show a marginal reduction in the tofal boron concentration. This find-
ing shows that most of the missing boron atoms are still present in the poly-Si layers: they
are just deactivated by the thermal treatment. Therefore, we use a second laser treatment, a
subsequent laser reactivation process, that re-melts the poly-5i layer again and redistributes
the boron atoms once again in the Si melt, which, after recrystallization, results in raising
the active dose once again to Ny, = (9.4 + 0.2) X 10 ¢cm™2, which is almost the same
dose as before thermal deactivation. However, to maintain a high level of passivation
while increasing the conductivity of the poly-5i layer, the laser pulse energy density in the
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reactivation step must be carefully chosen: we have to melt the major part of the poly-Si
layer without severely damaging the interfacial oxide. The laser reactivation process allows
us to establish not only highly conductive poly-5i/SiO; layers with G, = (24 & 7) mS sq
but also high passivation quality with an implied open-circuit voltage iVpoc = (715 = 1) mV.
Therefore, it should also be possible to fabricate highly efficient industrial solar cells based
on our new process of laser activation, thermal annealing, and, finally, laser reactivation.
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