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Fabrication of n™-poly-Si/p*-c-Si tunnel diode
using Low-pressure Chemical Vapor
Deposition for Photovoltaic Applications

Vineet Kumar Singh* €

In this paper, an n*-poly-silicon/p*-crystalline-silicon tunnel diode has been fabricated and
characterized. The n* poly-silicon layer is deposited by the low-pressure chemical vapor
deposition method, while a diffusion furnace is used for boron diffusion in crystalline silicon.
Scanning electron microscopy and X-ray diffraction pattern have been used for structural
characterization. Hall measurement and current-voltage characteristics have been used for carrier
density, mobility, current density, and contact resistance measurement. Hall measurement reveals
the carrier density of ~10'° cm-2in phosphorus-doped poly-silicon tunnel layer with mobility of
~5.4 cm? V1-s1 The current-voltage characteristics of the tunnel diode show the current density
of ~10° Ampere/cm? at a voltage of 0.1 Volt. Using tunnel diode, an n*-poly-Si/p*-c-Si/n-c-Si/n*-c-Si
structure has been fabricated for photovoltaic application. This structure generates a current
density of ~17.9 mA/cm? and a voltage of 601 mV for a 195+10 nm thick doped poly-silicon layer.
Further, to improve the solar cell’s performance, a thin layer of poly-silicon has been used.

Introduction

Efficiency for crystalline silicon (c-Si) solar cells has
stabilized at 26.7%, very close to its theoretical limit of
29.56% [1-4]. Tandem solar cells with two absorber layers
have the potential to yield efficiency beyond 40% [5].
Polycrystalline silicon-based tunnel diodes play an
essential role in the tandem solar cell [6-9]. Mailoa et al.
reported the mixed-phase (amorphous + polycrystalline)
silicon /crystalline silicon tunnel diode in the 2-terminal
perovskite/silicon tandem solar cell using plasma-
enhanced chemical vapor deposition (PECVD) method in
2015 [9]. However, the mixed-phase silicon tunnel layer
fabricated through the PECVD method requires a
complicated multi-step process [9]. First, a thin layer (2-3
nm) of intrinsic amorphous silicon is deposited at 250 °C
to avoid the inter-diffusion of dopants as well as to reduce
the interface recombination loss [9]. Next, a doped
amorphous silicon layer is deposited at 250 °C. Finally,
the films are annealed at ~680 °C to activate the dopants
[9].

Romer et al., also demonstrate the applicability of
poly-silicon/mono-silicon tunnel junctions on solar cells
and studied the influence of the interfacial oxide on the
contact resistance and recombination [10]. Low-pressure
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chemical vapor deposition (LPCVD) was used only for
intrinsic poly-silicon deposition during fabrication. The
diffusion process was further used to dope the intrinsic
poly-Si [10]. Romer et al., reported the emitter saturation
current density of 5fA/cm? for n*-poly- Si/n-c-Si/ n*-poly-
Si test structure and further evaluated the contact
resistance of 0.012 + 0.007 Q-cm? for Al/ITO/poly-
Si/SiOx/c-Si test structure using an ultra-thin layer (~1.2
nm) of SiOx [10]. Next, Romer et al., also estimated
~0.16% overall loss in the efficiency for the 0.1 Q-cm?
contact resistance at 42 mA-cm? short circuit current
density and 10 fA-cm emitter saturation current density
[11].

R. Peibst et al., reported the passivating n*-type poly-
silicon on oxide (POLO) contacts and evaluated relative
junction resistance (~0.013) for p*-poly-Si/n*-poly-
Si/SiOy/n-c-Si/SiOx/n*-poly-Si/p*-poly-Si structure [12].
Doped poly-silicon layers (p*-poly-Si/n*-poly-Si) have
been used as a tunnel diode in the device structure rather
than poly-silicon/c-Si junctions reported by Rémer et al.,
and Mailoa et al., [9,12]. R. Peibst et al., estimated the
implied voltage of 718 mV for POLO-PERC (passivated
emitter and rear contact) cell under one sun using poly-Si
tunnel diodes [12]. Recently, C Luderer et al., reported the
tunnel oxide passivated contact (TOPCon) along with
p*/n*poly-Si as tunnel diode using the PECVD process to
estimate the combined resistance [13]. The estimated
combined junction resistance for the p*/n* poly-Si/SiOy
structure was <10 mQ-cm? and implied open-circuit
voltage was 726 mV [13].
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Deposition of doped poly-silicon is a well-established
commercial technique that can be done at a large-scale
using low-pressure CVD in a single step rather than
multiple steps used in PECVD [14]. The poly-Si tunnel
junction fabricated by LPCVD is electrically and optically
stable at 500 °C [9]. But the challenge is the deposition of
highly doped, very thin layers with low absorption losses
for photovoltaic application.

In this work, a poly-silicon/c-silicon tunnel diode is
demonstrated and characterized. The poly-silicon layer is
deposited by the low-pressure CVD method. The impact
of poly-silicon thickness on the electrical and optical
properties of the  n*-poly-Si/p*-c-Si/n-c-Si/n*-c-Si
structure is also quantified. A tunnel layer is integrated
with titanium oxide (TiO,) film to establish the suitability
of tandem cell (ETL/perovskite/TiO2/n*-poly-Si/p*-c-Si/n-
¢-Si/n*-c-Si).

However, the complete tandem cell has not been
fabricated in this work.

Experimentaldetails

Fabrication of n*-poly-Si/p**-c-Si tunnel diode

Fabrication starts with a highly doped p-type float-zone
500 pm thick Si (100) wafer (~0.001 Q-cm). The details
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of the complete fabrication steps are given in Fig. 1(A).
Initially, wafers were cleaned using RCA1 and RCA2
recipes for 15 minutes, followed by 1:100 HF etch for 1
minute to remove the chemical oxide. Further, using
thermal oxidation at 1100 °C in a First Nano ET600
furnace, 1080 nm thick oxide was grown. Next, the top
SiO; layer was etched by a buffered oxide etch (BOE)
solution to diffuse the boron and generate a p* diffused
region. A dielectric borosilicate glass formed during the
boron diffusion process, which was further etched by BOE
solution. Next, backside oxide is etched by 1:100 HF
solutions. Now, RCA cleaned boron-doped wafers
inserted in a First Nano ET600 LPCVD chamber for
phosphorus-doped poly-silicon deposition at 620 °C. The
required electrode patterns were deposited using optical
lithography and the lift-off process. To ensure the ohmic
contact, forming gas annealing was performed at 400 °C
for 15 minutes. The device was kept small (Fig. 1(B)),
60umx60um, so that the measured currents remained
within the measuring instrument limit (1A). Finally, two
devices were fabricated: (1) control device without tunnel
diode (just substrate, Al/p** -Si/Al) and (2) test structure
with the n*-poly-Si/p**-c-Si tunnel diode.

Top oxide Boron 7
Bottom
Oxide
Removal
n** poly-Si -.l'-
Formlng gas Electrode P- doped
deposmon

Fig. 1(A) Fabrication steps of the tunnel diode test structure.

60 pm

60pm Spm 50um

[Bpnd  25m

Electrodes

Fig. 1(B) Tunnel diode test structure area is 60um x 60um, while top
electrode dimension is 50umx22.5pm.

Fabrication of n*-poly-Si/p*-c-Si/n-c-Si/n*-c-Si
structure with and without TiO:

The n*-poly-Si/p*-c-Si/n-c-Si/n*-c-Si  structure  was
fabricated on n-type float-zone 500 pum thick Si (100)
wafers (1-10 Q-cm) rather than earlier discussed highly
doped p-type float-zone Si wafer. The complete process
flow to fabricate the device is given in Fig. 2. Wafers were
cleaned using the well-known RCA recipe for 15 minutes,
followed by 1:100 HF etch for 1 minute to remove the
chemical oxide. Next, a 1080 nm thick SiO2 layer is
grown at 1100 °C in a First Nano ET600 furnace. The
bottom SiO; layer was etched by a buffered oxide etch
(BOE) solution. Next, a blanket back-surface field (BSF)
was formed by diffusing phosphorus using POCIs by a
two-step process: pre-deposition for 15 minutes at 850 °C
followed by a drive-in for 15 minutes at 950 °C. During
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the phosphorus diffusion process a dielectric phosphorus
silicate glass (PSG) layer was formed which was etched
by BOE. Further, a 1um thick PECVD SiO, was deposited
using an Oxford Plasmalab100 system, to act as a mask
for the subsequent emitter formation. The p+/n emitter
junction was fabricated by boron diffusion using BoHs gas
by a two-step process: pre-deposition for 10 minutes at
900 °C followed by a drive-in for 8 minutes at 1100 °C in
active area of 1 cm?. During boron diffusion, a dielectric
borosilicate glass layer was formed which was etched by
BOE. Phosphorus doped poly-silicon layer was deposited
on top of the emitter at 620°C in a First Nano ET600
LPCVD. A TiO; film (45+2 nm) was deposited using a
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BENEQ TFS200 atomic layer deposition (ALD) system at
250 °C for 1025 cycles. The TiOz on the bottom surface
was etched using 1:10 hydrofluoric acid. Finally,
aluminum back and front electrodes were deposited using
a Techport electron-beam evaporator. The front aluminum
electrode was patterned into a grid by lithography and lift-
off process. The active area (including the top electrodes
area) of the cell is 1cm? Devices were annealed in
forming gas (N2:H.::10:1) at 350 °C for 15 minutes to
ensure the proper ohmic contact between silicon and
aluminum. Finally, four devices were fabricated with and
without tunnel layers and TiO, layers for photovoltaic
application, as discussed in Table 1.

. Sio
n-Si Wet Back oxide Phosphorus
-Si s - - -
Oxidation removal diffusion
Back oxide Boron Front oxide
removal Diffusion removal
Phosphorus
doped
poly-silicon
deposition -
ALD TiO, RSBl Back side TiO, Electrode
deposition n-Si etching deposition
n*-Si
Fig. 2. Fabrication steps of the poly-silicon/c-silicon tunnel diode-based solar cells.
Table 1. Details of fabricated devices: A (without tunnel layer, homo-  scanning electron microscope. Current-voltage

junction silicon cell only (n*-Si/n-Si/p*-Si)), B (silicon homo-junction
solar cell with 195+10 nm thick tunnel layer), C (silicon homo-junction
solar cell with 9545 nm thick tunnel layer), and D (device C with 45+2
nm additional TiO, layer.

Device Label Poly- TiO, Forming
silicon thickness gas anneal
(nm) (nm)

A (n*-Si/n-Si/p*-Si) - - Yes
B(n*-Si/n-Si/tunnel 195+10 - Yes
diode)

C(n*-Si/n-Si/tunnel 95+5 - Yes
diode)

D(n*-Si/n-Si/tunnel 95+5 45+2 No
diode/TiO,)
Characterization
Grazing-incidence X-ray diffraction (GIXRD)

measurements were done in a Rigaku Smart Lab system
using CuK, (A=1.54A) X-ray source and 0.3° incident
angle. Films were imaged using a Zeiss ULTRA55

characteristics were measured using Agilent B1500A.
Solar cell efficiency was measured using an Abet Class
AAA solar simulator under a standard AM1.5G spectrum.
The solar simulator was calibrated using a standard silicon
solar cell. External quantum efficiency (EQE) was
measured using a Bentham PVE300 system. Minority
carrier recombination lifetime measurement was done by
microwave detected photoconductivity decay, using MDP-
Spot by Freiberg instruments. Minority carrier lifetime
data was recorded at injection level (An) 7.2x10'cm-3 with
a pulsed laser (A=980 nm).

Results and discussion

Phosphorus doped poly-silicon film was deposited using
LPCVD for 30 minutes. Scanning electron microscopy
shows that the film was 195+10 nm thick (Fig 3(A)). The
high-resolution top image (inset) reveal that film is
smooth and continuous, too (Fig. 3(A)). The grazing
incident X-ray diffraction (GIXRD) peaks can be indexed
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to Si (111), (220), and (311) (Fig. 3(B)), showing that the
films are polycrystalline [15,16]. Si (100) peak due to the
substrate is not seen because of the small incident angle
(0.3°). Using the Scherrer equation on (220) peaks full
width at half maxima (FWHM), the average crystallite
size is estimated to be ~21.5 nm [17]. The sheet resistance
of the doped poly-silicon film was extracted from
Hall measurements. The sheet resistance of 195+10 nm
thick film is ~2.4x10° Q/01, with a carrier concentration
of ~10%cm3,

@

195£10 nm poly-silicon film

(220) (B)
(111)
5
8
> (311)
‘®
c
i)
£
P T PRI = M
20 (degrees)

Fig. 3. (A) SEM images of a 195+10 nm thick poly-silicon film, (B)
XRD pattern of poly-silicon film.

Fig. 4 shows the J-V characteristics of the control
device without tunnel diode (just substrate, Al/p** "Si/Al)
and test structure with the n** /p** tunnel diode. Devices
with the tunnel-diode can support higher currents, ~1
kA/cm? instead of 0.4 kA/cm? at 0.1 V. The series
resistance due to the highly-doped wafer (~0.001 Q-cm) is
expected to be ~5x10° Q.cm?. Assuming the contribution
of contact resistance in the two devices is similar, an
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upper-bound of the contact resistance is extracted, which
is ~0.1 mQ-cm?. For a 20% efficient solar cell operating at
a short circuit current density of 40 mA/cm?, the Ohmic
losses due to the tunnel diodes are 0.0008 % of the total
output of the solar cell. Rémer et. al., earlier reported the
contact resistance of 12 + 7 mQ-cm? for Al/ITO/poly-
Si/SiOy/c-Si test structure [10].

6
4 Al
- T SLLPCVD)
NE P -Si (Diffused)
o | o
§ 4] p-Si(Substrate) T
- Al with tunnel diode
2
o
c
Q
a 1
% 2
T
: !
=
o without tunnel diode
0 &=—¥——7T-———rrr—r—r—rrr——
0.0 0.1 0.2 0.3 0.4 05

Voltage (Volt)

Fig. 4. J-V characteristics of the devices with and without tunnel diode
(just substrate, Al/p**-Si/Al).

Next, to observe the photovoltaic application of
tunnel diode, four sets of devices were fabricated; details
of each are given in Tablel. Device A is a control device
that is purely silicon homo-junction (n*-Si/n-Si/p*-Si,
solar cell in absence of poly-silicon and TiO. layers).
Emitter thickness in all the four devices is ~800 nm with
doping concentration ~2x10%° c¢cm3, while back surface
field (BSF) thickness is ~740 nm with doping
concentration ~2x10%° ¢cm [18]. Further, all the devices
are planar, without any texturing and anti-reflection
coating. The difference in device B and device C is only
the thickness of the poly-silicon layers. While device D
has an additional layer of TiO; (45+2 nm) than device C.
The details of cross-sectional SEM and XRD patterns for
the poly-silicon layer in Device B are already discussed in
Fig. 3(A) & Fig. 3(B). The phosphorus doped poly-silicon
films were deposited for 10 minutes in device C and
device D (Table 1). The cross-sectional SEM
image shown in Fig. 5(A), confirms the 95+5 nm
thickness of the poly-silicon film (for 10 minutes
deposition). The measured carrier concentration in doped
poly-silicon film is ~10'° cm3, using Hall measurement.
The scanning electron microscopy further shows that the
ALD TiO; film is 452 nm thick (Fig. 5(B)). The GIXRD
pattern of TiO, (supplementary data S1) shows the film is
polycrystalline, with peaks indexed to anatase TiO; (101),
(004), (200), (105), and (204) [19-20]. Given the low
deposition temperature, it is not surprising that the TiO;
films are polycrystalline and anatase.
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9515 nm poly-silicon film

200 nm EHT = 5.00kV

WD = 86mm

Signal A = SE2
Mag = 8437 KX

(B)

4512 nm poly-crystallineTiO, film

200 nm

EHT = 500kV
WD = 7.8 mm

Signal A = SE2
Mag = 11337 KX

Fig. 5. Cross-sectional SEM images of (A) 95+5 nm thick poly-silicon
film and (B) 45+2 nm thick polycrystalline TiO, film.

The J-V characteristics of all the devices show
rectifying characteristics (Fig. 6(A)). Using the two-diode
model, the diffusion (Jo1) and space-charge recombination
(Joz2) saturation current densities can be extracted (Table
2). Joz is estimated below 0.4 V while Jo1 calculated
around 0.5V corresponding to ideality factor 2 & 1
respectively [18, 21-23]. Diffusion saturation current in
device A is nearly one order less than devices B, C & D.
Poly-silicon tunnel layer is known to increase the surface
recombination velocity, which explains the increase in Joi.
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Space-charge recombination (Jo2) is a direct function of
the effective minority carrier recombination lifetime (terr)
[22,24-25]. The measured tes for devices A, B, C, and D is
215.4 ps, 336.4 ps, 125.9 ps, and 144.3 s, respectively
(Supplementary data S2). The recombination lifetime of
devices C and D is lower, arguably due to the higher
surface recombination. The negative voltage region in J-V
characteristics is related to the leakage current of the
different devices [26]. The lower leakage current density
in device A confirms its best shunt behavior than other
devices. The shunt resistance of device B has a higher
value than device C probably due to the higher thickness
of poly-silicon.
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Fig. 6. J-V characteristics of as-fabricated solar cells: (A) in dark and (B)
under AM 1.5G.

Table 2: Comparison of different solar cell performance parameters with and without tunnel layer.

Name Device Details J()1 Joz JSC VOC FF RShunt Rs n
(nAlcm?) (uA/cm?) (mA/cm?) (mV) (%) (kQcm?) (Qcm?) (%)

A Planar 2.7 - 25.0 616 72.3 733 0.7 111

B Planar +195+10 nm n-poly-Si 46 - 179 601 74.0 38.0 - 7.9

Cc Planar + 955 nm n-poly-Si 90.1 13 19.7 580 73.0 25 11 8.3

D Planar + 95+5 12.6 0.90 228 584 56.3 14 31 75

nm n-poly-Si +45+2 TiO,
© IAAM Adv. Mater. Lett. 13(2), 2022.021693 [5 of 7]
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Under AM1.5G illumination, the device show typical
solar cells characteristics (Fig. 6(B)). Device A
(Al/n*/nfp*/Al) shows the current density of 25 mA/cm?.
This value is lower than state-of-art silicon devices,
mostly due to the absence of texturing and anti-reflection
coating (ARC). With a similar device architecture and 80
nm thick SiNx ARC, Mailoa et. al. reported a current
density of 31.6 mA/cm? [9]. Sub-optimal emitter design
and associated absorption losses may also contribute to the
low Jsc. Here, the emitter doping is 2x10%° cm™, and the
thickness is 0.80um. The carrier diffusion length in
102°cm doped emitter is ~500 nm, limited by Auger
recombination. So, there is a ~300 nm thick dead-layer at
the top surface [27], which causes an estimated Jsc loss of
3 mA/cm?. The presence of the dead region can also be
inferred from the external quantum efficiency (Fig. 7),
which clearly shows low absorption (<28%) below 440
nm.

The device B shows a Jsc that is 7.1 mA/cm? lower
than device A. Part of this decrease can be blamed on
absorption losses in the poly-silicon over layer. The 195+10
nm thick poly-silicon increases the effective dead layer to
495 nm, which causes a further loss of 3 mA/cm?. External
quantum efficiency (Fig. 7) also shows that the absorption
loss occurs across the blue-green spectrum (<500 nm),
which is consistent with a 495 nm thick dead region. The
balance loss of 4 mA/cm? is probably due to recombination
at the poly-silicon/silicon interface. Device C has a just 95
nm thick poly-silicon layer and hence lower absorption
losses than device B. Reduction in the dead layer by 100 nm
is expected to improve Jsc by 1.7 mA/cm?, which matches
extremely well with an actual increase of 1.8 mA/cm?.
Lower absorption losses in the thinner tunnel junction
improve the absorption of the blue photons (Fig. 7). The
variations in Jsc for the same batch devices are shown in
Fig. 8(A).

704

604
] Device_A
504
3 Device_D

403

EQE

3o_i Device_C
Device_B

20

10

O:

700 800 900 1000 1100

Wavelength (nm)

400 500 600

Fig. 7. External quantum efficiency spectra of silicon solar cells with and
without tunnel layer as well as with an electron transport layer (TiO,).

From Table 2, the open-circuit voltage for device A is
616 mV which is 15 mV more than device B. A higher
value of Voc in device A confirms a better collection
probability than device B. This is further supported by the
dark J-V characteristic, which validates the one-order less
diffusion saturation current in device A than B.

www.iaamonline.org

Surprisingly, device C has 20 mV less Voc than device B
even though both devices (B & C) have similar process
parameters except tunnel layer thickness. Interestingly, an
additional space charge region recombination current (Joo) is
also present in device C along with diffusion saturation
current (Jo1). Furthermore, the diffusion saturation current
density in device C is nearly double of that device B (Table
2). Device D shows a similar trend to device C except for
recombination saturation current which is nearly seven
times less than device C. Mailoa et al., reported ~600 mV
open-circuit voltage with a 30 nm thin tunnel layer for a
similar structure [9]. However, device B has 601 mV open-
circuit voltage equivalents to the reported value with a 195
nm tunnel layer. While other devices’ C & D open-circuit
voltage is less than 600 mV which further needs
optimization for improvement. The variations in Voc of
same batch devices are shown in Fig. 8(B).

The series resistance for devices A and C is <1.1 Q-
cm? which is very close (1.03 Q-cm?) to what was reported
by Mailoa et al. for a similar structure [9]. The lower series
resistance provides a higher fill factor, as shown in Table 2.
In contrast, device D has higher series resistance (3.1 Q-
cm?) than devices A and C. For devices A, B & C, forming
gas annealing has been performed, while device D is
untreated. The downside of the higher series resistance in
device D is the lower FF (~56.3%). Ideally, the shunt
resistance in planar silicon devices is >10° Ohm-cm?, which
is envisioned in Table 2. The variation in FF and efficiency
of the same batch devices is discussed in Fig. 8. Overall,
device D is showing 7.5% efficiency. Structures of devices
B, C & D having tunnel diodes can be further used to
fabricate the monolithic perovskite/silicon tandem solar cell
(ETL/perovskite/TiOz/n*-poly-Si/p*-c-Si/n-c-Si/n*-c-Si) [9,
27]. Werner et al., reported a similar structure using ZTO as
a recombination layer [28]. While ITO as a recombination
layer has been mentioned by Bush et. al., with silicon
heterojunction (SHJ) structure [29]. However, in this work

the recipe needs further optimization for better
performance.
\ @ T ®)
(B ~ 6109
§ 24 ;Ci
E ! | g 600]
= 22 w8
§ § 590
= 20 3
£ S 580
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L] 5704
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Fig. 8. Performance of various solar cells (3 cells in each group) in terms
of (A) short circuit current density, (B) open-circuit voltage, (C) Fill-
Factor, and (D) efficiency.
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Conclusion

In conclusion, we successfully fabricated a doped poly-
Si/c-Si tunnel diode. Hall measurements confirm the high
doping (~10' c¢m?3) in poly-silicon, while the J-V
characteristic demonstrates the current density ~10% A/cm?
for tunnel diode test structure at 0.1 volts. The estimated
contact resistance and efficiency loss for tunnel diode test
structure is ~10 Q-cm? and 0.0008%, respectively. The
efficiency of stand-alone silicon cells in the absence of
texturing and anti-reflection coating is 11.1 %. While,
after integrating a doped poly-silicon layer (195+10 nm)
over a stand-alone silicon cell, the efficiency becomes
7.9%. This efficiency further improves up to 8.3% by
thinning down the poly-silicon layer to 955 nm. A thin
poly-silicon layer improves the absorption of the blue
photons and enhances the performance. A ~40 nm thick
layer of TiO, has been mounted over a poly-Si/c-Si cell,
which produces 7.5% efficiency and supports the device
structure for tandem cell application. However, the recipe
needs further optimization to improve the device’s
performance.
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