nature energy

Article https://doi.org/10.1038/s41560-023-01310-y

Phase-heterojunction all-inorganic
perovskite solar cells surpassing 21.5%
efficiency

In the format provided by the
authors and unedited



https://doi.org/10.1038/s41560-023-01310-y

Table of contents

Supplementary Figures. 1 to 40

Supplementary Tables 1 to 20

Supplementary Note: 1 to 8

Supplementary References 1 to 48

Captions for Supplementary Video 1: In-situ deposition of y—CsPbls-GAl based perovskite thin
film by thermal evaporation at module scale (13 cm x 13 cm= 169 cm?).

Captions for Supplementary Video 2: Testing of 13 x 13 cm? PHS-based module under LED
lamp in ambient conditions.

Other Supplementary Materials for this manuscript include the following:

Supplementary Movies 1
Supplementary Movies 2



Supplementary Figure 1| Preparation of modified ETL. Photographs of c-TiO2, Ru:c-TiOz, and
SnO:2 colloidal solution aged (one week).
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Supplementary Figure 2| SEM images of different ETLs deposited on FTO substrates.



Supplementary Table 1. Detailed thermal evaporation parameters for individual materials.* We
observed various deposition rates for PEAI and GAI for this current. We recommend carefully
tuning the current between this range results in good composition.

Precursor Pbl2 Csl GAl

Set rate (A/s) 0.7-0.8 | 0.65-0.75 | 0.05-0.1
Temperature (°C) 310-330 | 445-455 145-150
Current required (Amp) 45-50 65-70 35-40*
Heating source Q-Crucible




B—CsPbl;-Zn(C4F:),

Supplementary Fig.ure 3| Stability of B—CsPbls, p—CsPbls-Zn(CsFs)2 and y—CsPbls-GAI (90
nm), on to B—CsPbls-Zn(CeFs)2 thin film and stored in ambient condition over 24 hours.
Relative humidity 25-30 %.
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Supplementary Figure 4|All thermally evaporated y-CsPbls thin films. Top and cross-
sectional SEM images of the y-CsPbls perovskite thin films and complete device deposited by
triple source thermal evaporation. (a and b) control. (c and d) PEAI assisted. (e and f) GAI assisted
v-CsPbls perovskite thin film. g. XRD patterns of y-CsPbls, y-CsPbls-PEAI and y-CsPbls-GAl
deposited on FTO-c-TiOz2 substrate. h. UV-vis optical absorption spectra and i. PL spectra.
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Supplementary Figure 5| Schematic representation of PHS device and respective cross-sectional
SEM image.



Supplementary Figure 6] Thermally evaporated y—CsPbls thin films. Top and cross-sectional
SEM images of the y—CsPbls-GAI perovskite thin film and device deposited by thermal
evaporation with different top layer thicknesses. All scale bars are 500 nm. Inset values show the
rear y—CsPbls-GAl film thickness.
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Supplementary Figure 7| Cross-sectional SEM images of B-CsPbls-Zn(CsFs)2 thin films with
different thicknesses of y-CsPbls-GAl rear absorber.



\

a. P3HT

‘--------------\
\—-------------‘

Supplementary Figure 8| Chemical structures of a. P3HT and b. SMe-TATPyr HTL was used
in the present study.
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Supplementary Figure 9| Crystal structure and partial density of state of CsPbls. Crystal
structures of (a) tetragonal B-CsPbls and (b) orthorhombic y-CsPbls. The corresponding partial
density of state are shown in (c) and (d), respectively.
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Supplementary Figure 10| Geometry optimized structures of the isolated CsPbls. a. y-CsPbls
(110) and b. B-CsPbls(110) surfaces used for the phase heterojunction construction. c. lllustration
of the developed 3 x 3 x 3 supercell crystal structures at the p—CsPbls (110) /y—CsPbls (110)
interface. d. The differential charge density isosurfaces for the B-CsPbls/y-CsPbls phase junction
with an iso-value of 0.01 e A-3 (purple and yellow regions represent the charge depletion and
accumulation in the space, respectively). e. The electronic density of states of the B-CsPbls/y-

CsPbls phase junction showing no gap states.
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Supplementary Figure 11 | Influence of different ETLs on the surface morphology of the -
CsPbls thin films deposited in ambient conditions using the hot-air method. a.p-CsPbls thin
film deposited by hot-air method on Ru:c-TiOz2, b. B-CsPbls+ Zn(CsFs)2 thin film deposited by hot-
air method on Ru:c-TiO2, ¢ and d. B-CsPbls+ Zn(CsFs)2 and B-CsPbls+ Zn(CsFs)2 thin films
deposited on Ru:c-TiO2/SnO2 ETLSs.
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Supplementary Figure 12| Ultra-violet photoelectron spectroscopy (UPS). a. UPS survey
spectra and b-h. valence band region of the different ETLs, CsPbls perovskite thin films deposited
by different methods and HTL. The fitting lines (VBM values) in b-h are obtained by fitting plots
guides to the eye.
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Supplementary Figure 13| Tauc plots of CsPbls thin films. (a-d) Tauc plots for y-CsPbls, -
CsPbls, B-CsPbls + Zn(CsFs)2 and PHS-based thin films. Plots were calculated from absorption
data for Fig. 3b. The fitting lines in a-d are obtained by a linear fitting of data points.
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Supplementary Figure 14| Phase-stability of PHS absorbers on a single substrate before
thermal stress. GIWAX images of the B-CsPbls-Zn(CsFs)2/y-CsPbls-GAI PHS thin film (left
panel) and GIXRD analysis of PHS thin film measured at different incidence angles (2=0.2, 0.5,
1 and 2 °) before thermal stress. The respective left panel shows 2D GIWAX images and the right
panel shows magnified XRD patterns from 27.5 to 30 °.
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Supplementary Figure 15| Thermal stability of PHS absorbers on a single substrate after
thermal stress. GIWAX images of the B-CsPbls-Zn(CsFs)2/y-CsPbls-GAIl PHS thin film (left
panel) and GIXRD analysis of PHS thin film measured at different incidence angles (Q=0.2, 0.5,
1 and 2 °) after 85 °C thermal stress (1 hour). The respective left panel shows 2D GIWAX images
and the right panel shows magnified XRD patterns from 27.5 to 30 °.
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Supplementary Table 2. Summary of the band structure and energy levels for c-TiOz2, c-Ru:TiOz,
SnOz2, B-CsPbls+Zn(CesFs)2, B-CsPbls, y-CsPbls and P3HT+SMe-TATPyr thin films.

Sample

c-TiO2 17.00 4.22 3.15 7.37 3.30 4.07
Ru:c-TiO2 17.17 4.05 3.21 7.26 3.25 4.01
Ru:c-TiO2/SnO2_r 17.45 3.77 3.88 7.65 3.75 3.90
B-CsPbls+ Zn(CeFs)s  17.24 3.98 1.47 5.45 1.68 3.77
B-CsPbls 17.37 3.85 1.45 5.32 1.69 3.63
v-CsPbls-GAl 17.60 3.62 1.60 5.22 1.72 3.50
P3HT+SMe-TATPyr  17.33 3.89 0.68 4.57 1.92 2.65
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Supplementary Figure 16| a. XPS survey spectra of B—CsPbls, B—CsPbls-Zn(CsFs)2, y—CsPbls

and y—CsPbls-GAAI based perovskite thin films. b-g. XPS fittings for the Cs 3d, Pb 4f, 1 3d, N 1s,

Zn 2p and F 1s core levels for the controlled f—CsPbls sample. The counts and envelope (fit) have

been offset to make the fittings clearer. Full details of peak positions can be found in

Supplementary Table 3.
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Supplementary Figure 17| a-f. XPS fittings for the Cs 3d, Pb 4f, I 3d, N 1s, Zn 2p and F 1s core
levels for the controlled B—CsPbls-Zn(CsFs)2 sample. The counts and envelope (fit) have been
offset to make the fittings clearer. Full details of peak positions can be found in Supplementary

Table 3.
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Supplementary Figure 18| a-d. XPS fittings for the Cs 3d, Pb 4f, | 3d and N 1s core levels for
the controlled y—CsPbls sample. The counts and envelope (fit) have been offset to make the fittings

clearer. Full details of peak positions can be found in Supplementary Table 4.

21



Intensity (a.u.)

o

Intensity (a.u.)

@ Counts
Cs 3d,,

Cs 3dy,
Backg.

—— Envelope

o

Intensity (a.u.)

1 @ Counts
Pb?* 41,
—— Pb?" 4f,,
+—— Pb4f,,
1 Polat,

(@]

Intensity (a.u.)

@ Counts
1 3d,,

—— 13d,,

745

T T T T
735 730 725 720

Binding Energy (eV)

T
740

@ Counts
N 1s
—— Backa.
Envelope

T T
400 395

Binding Energy (eV)

T
405

T T T
150 145 140 135

Binding Energy (eV)

640

T T T T
630 625 620 615

Binding Energy (eV)

T
635

Supplementary Figure 19| a-d. XPS fittings for the Cs 3d, Pb 4f, I 3d, and N 1s core levels for

the controlled y—CsPbls-GAI sample. The counts and envelope (fit) have been offset to make the

fittings clearer. Full details of peak positions can be found in Supplementary Table 4.
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Supplementary Table 3. XPS core-level peak positions of hot-air processed B—CsPbls, and
B—CsPbls-Zn(CeFs)2 thin films.

Perovskites | B—CsPbls B—CsPbls-Zn(CeFs)2
Core levels | Start BE Peak BE End BE Start BE Peak BE End BE
(eV) (eV) (eV) (eV) (eV) (eV)
Cs 3ds2 751.19 124.17 715.44 751.85 724.33 715.74
Cs 3dar2 751.19 738.11 715.44 751.85 738.27 715.74
Pb 4f7 155.44 136.57 130.44 155.74 136.64 130.74
Pb0 155.44 137.96 130.44 155.74 138.04 130.74
Pb 4fs2 155.44 141.87 130.44 155.74 141.94 130.74
PbO 155.44 142.86 130.44 155.74 142.94 130.74
| 3ds/2 640.44 618.66 610.44 640.74 618.78 610.74
| 3dsr2 640.44 630.13 610.44 640.74 630.25 610.74
N 1s - - - -
Zn 2pine - - - 1051 1041.9 1040
Zn 2p3i2 1028 1027.74 1017
F1s - - - 691 683.22 681

Supplementary Table 4. XPS core-level peak positions of thermally evaporated y—CsPbls, and
y—CsPbls-GAl thin films.

Perovskites | y—CsPbls 1—CsPbls-GAl
Core levels | Start BE Peak BE End BE Start BE Peak BE End BE
(eV) (eV) (eV) (eV) (eV) (eV)
Cs 3ds12 752.9 724.58 716.03 752.61 724.4 715.88
Cs 3dsn2 752.9 738.51 716.03 752.61 738.33 715.88
Pb 4f72 156.03 136.83 131.03 155.88 136.6 130.88
Pb0 156.03 138.22 131.03 155.88 138.08 130.88
Pb 4fs2 156.03 142.12 131.03 155.88 141.9 130.88
Pb0 156.03 143.12 131.03 155.88 142.98 130.88
| 3ds2 641.03 618.97 611.03 640.88 618.8 610.88
| 3dsn2 641.03 630.45 611.03 640.88 630.28 610.88
N 1s - - - 404.38 402.2 400.68
Zn 2p - - -
F1s - - -
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Supplementary Figure 20| ToF:SIMS elemental depth profiles of PHS thin film in positive
mode. a. Schematic representation of experimental measurements used for f-CsPbls + Zn(CsFs)2
/y-CsPbls-GAl thin film in positive mode. b. ToF:SIMS depth profiles. c. 2D images and d. 3D
render images for Cs*, Pb*, C* and F* elements.
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Supplementary Figure 21| ToF:SIMS elemental depth profiles of PHS thin film in negative
mode. a. Schematic representation of experimental measurements used for 3-CsPbls + Zn(CsFs):2
/y-CsPbls-GAl thin film in negative mode. b. ToF:SIMS depth profiles of B-CsPbls + Zn(CeFs)2
/y-CsPbls-GAl thin film in negative mode. c. 2D images and d. 3D render images for N-, I~ and
Cs™ elements.
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Supplementary Figure 22| a-e. XPS fittings for the Cs 3d, Pb 4f, | 3d and N 1s core levels for the
controlled y—CsPbls-GAIl sample. The counts and envelope (fit) have been offset to make the
fittings clearer. Atomic % of elements measured from XPS is summarized in Supplementary

Table 5.
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Supplementary Figure 23| a-e. XPS fittings for the Cs 3d, Pb 4f, | 3d and N 1s core levels for the
controlled y—CsPbls-PEAI sample. The counts and envelope (fit) have been offset to make the
fittings clearer. Atomic percentage (%) of elements measured from XPS is summarized in

Supplementary Table 6.
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Supplementary Table 5. Atomic percentage (%) of elements measured at the surface of y-
CsPbls-GAl perovskite films with different GAI ratio.

GAI at. % XPS—>
Expt Used

20.84 1198 47.11 20.07

GAl:2.5 2426 11.67 40.81 20.64 2.63
GAI:5 23.31 1256 40.37 19.38 4.38
GAI:10 19.13 10.43 38.75 21.76 9.93
GAI:15 18.23 10.32 30.48 26.81 14.16

Supplementary Table 6. Atomic percentage (%) of elements measured at the surface of y-
CsPbls-PEAI perovskite films with different GAI ratio.

PEAI at. % Xps — | ©8 C N
Expt Used

PEAI:2.5 23.62 11.47 41.48 20.85 2.58
PEAI:S 21.26 12.42 42.79 17.81 5.72
PEAI:10 19.58 11.85 39.56 16.43 12.58
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Supplementary Figure 24| a. PLQY analysis of perovskite thin films. b. Improvement in QFLS

Time (ns)
&

C‘ontact substrate qg’!‘ Contact substrate
as determined by supplementary equation 1 for the respective samples. c. Time-resolved
photoluminescence (TRPL) analysis of B—CsPbls and y—CsPbls perovskite thin films deposited on

glass substrates.

Supplementary Note 1.

PLQY discussion.
For a standard PV material, the change in QFLS following passivation (AQFLS = QFLSmodified—
QFLScontroI) is given byi[l' 2]

I:)L(?Ymod ified j

..... (Supplementary equation 1
PLOY, (Supp y eq )

AQFLS =25.7meV x In[

ontrol

From Supplementary equation 1 we can easily calculate the expected increase in open-circuit
voltage for a given PLQY ratio.

The above Supplementary equation 1 can be modified to calculate the bandgap-independent loss
from the radiative limit. By setting PLQY modified Sample to be unity, i.e., in the ideal case, and then
inputting the measured PLQY (PLQY absolute), We obtain

AQFLS,,, =25.7meV xIn (WJ ......... (Supplementary equation 2)

where PLQY absolute IS expressed in measured absolute value.
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Supplementary Note 2.
TRPL discussion.

Time-resolved photoelectron (TRPL) spectroscopy analysis:
The obtained TRPL lifetime parameters were well fitted with a tri-exponential decay

function from Supplementary equation 3. [ 4]

() =1,+A exp[—t_t0 j+ A, exp(_t % j+ A, exp(_t i j (Supplementary equation 3)
2] 17 73

Where, 71, 72 and z3 are first, second and third-order decay time, A1, A2 and Az are

respective weight factors of each decay channel. Here, 71 stands for the fast decay lifetime

and 72 and z3 stand for the slow decay function. The average lifetimes <zayg> of inorganic

perovskite thin films were calculated from Supplementary equation 4. (34

2
R
no=m m  (Supplementary equation 4)

The carrier transfer behavior of the B—CsPbls and y—CsPbls films in contact with each other
was well reflected in the carrier decay lifetime extracted from the time-resolved
photoluminescence (TRPL) spectra (Supplementary Figure 24c). The lifetime extracted for a
B—CsPbls-Zn(CsFs)2 film deposited on a glass substrate is much higher (tave = 33 ns) than that
measured for the control B—CsPbls layer (tave = 9.7 ns). This significantly increased charge carrier
lifetime indicates trap passivation induced by the presence of Zn(CsFs)2 in the —CsPbls film. We
also used TRPL spectroscopy to investigate the impact of thermally evaporated y—CsPbls on the
excitonic quality of perovskite films. The charge carriers are relatively long-lasting in the case of
v—CsPbls films (tave=135 ns), which reflects the quality of the thermal evaporation method,
(Supplementary Table 10). However, once we deposited the same y—CsPbls layer onto the
B—CsPbls-Zn(CsFs)2 film, we observed a dramatic decrease in a lifetime (tave=69 ns). This is a
clear indication of effective electron extraction between interfaces due to the different conductivity
types of the B—CsPbls-Zn(CsFs)2 and y—CsPbls perovskite thin films.
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Supplementary Table 7. PLQY values for B-CsPbls and B-CsPbls + Zn(CsFs)2 thin films
deposited on Glass, isolated p-type (P3HT + SM-TATPYyr), p-type MeO-2PACz, n-type TiO2/SnO2
and n-type PCBM substrates.

Substrate PLQY (-cspbizy  AQFLSrad p- PLQY - AQFLSrad AQFLS

(%) CsPbl3) CsPbI3-Zn(C6F)2)  (g-cspbiz)  (MEV)
(meV) (%) (meV)

Glass 0.3757 143 0.5296 134 8.82

P3HT+SMe- 0.1974 160 0.2456 154 5.61

TATPyr

c-TiO2/Sn02 0.08 183 0.12 172 10.42

MeO-2PACz 0.10 177 0.1536 166 11.03

PCBM 0.05 195 0.1 177 17.81

Supplementary Table 8. PLQY values for B-CsPbls and y-CsPbls-GAl thin films deposited on
Glass, isolated p-type (P3HT + SM-TATPYyr), p-type MeO-2PACz, n-type TiO2/SnO2 and n-type
PCBM substrates.

Substrate PLQY (g-cspbi3) AQFLSrad PLQY AQFLSrada AQFLS
(%) (B-CsPbI3) (y-CsPbI3) (y-CsPbI3) (meV)
(meV) (%) (meV)

Glass 0.3757 143 0.8597 122 21.27
P3HT+SMe- 0.1974 160 0.404 141 18.40
TATPyr

c-TiO2/Sn02 0.08 183 0.25 154 29.28
MeO-2PACz 0.10 177 0.22 157 20.26
PCBM 0.05 195 0.14 169 26.46

31



Supplementary Table 9. PLQY values for 3-CsPbls and PHS thin films deposited on Glass, P3HT
+ SM-TATPyr, MeO-2PACz, TiO2/SnO2 and PCBM substrates.

Substrate PLQY AQFLSraa PLQY((PHs)  AQFLSrad(pHs)y AQFLS
(B-CsPbl3) (B-CsPbl3) (%) (meV) (meV)
(%) (meV)

Glass 0.3757 143 0.7697 125 18.43
P3HT+SMe- 0.1974 160 0.39 142 17.50
TATPyr

c-TiO2/Sn0O2 0.08 183 0.20 159 23.55
MeO-2PACz 0.10 177 0.21 158 19.07
PCBM 0.05 195 0.11 175 20.26

Supplementary Table 10. TRPL lifetime measurements of inorganic perovskite absorber layers.

Weight fraction calculated from amplitude at particular lifetime decay.

Perovskite T1 T 13 A1 Az Az <Tavg™>
B-CsPbls 11 6.6 63 0.8605 0.1357 0.038 9.7
B-CsPbls-Zn(CeFs). 1.4 12 71 0.7860 0.1834 0.0306 33
y-CsPbls-GAl 13 87 296 0.5471  0.3998  0.0531 135
PHS 13 62 267 0.5952  0.3930  0.0118 69
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Supplementary Figure 25| Photovoltaic properties. a. J-V characteristics PHS based on

different thicknesses of y—CsPbls-GAl rear absorber. b. PCE distribution histograms of the cells

with single junction and different PHS. The box plot in b displays the median line, mean, 25

%~75% box limits range within 1.5x interquartile range outlier whiskers. Twenty devices were

tested respectively for control, 30, 60, 90 and 120 nm rear y-CsPbls-GAl-based PHS devices.

Supplementary Table 11. Summary of solar cell parameters fabricated based on different

thicknesses of rear y—CsPbls perovskites.

Front Rear y—CsPbls-  Voc Jsc FF PCE
absorber absorber GAlI V) (mAcm?) (%) (%)
(solution (thermal Thickness
process) Evaporation) (nm)
0 1.187 20.50 77.5 18.86
B—CsPbls- 30 1.197 20.68 77.5 19.18
Zn(CeFs)2 y—CsPbls- 60 1.209 20.98 79.23 20.09
GAI 90 1.220 21.72 81.5 21.59
120 1.209 19.18 78.09 18.10
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Supplementary Figure 26| Hysteresis analysis of champion PCS fabricated based on
different absorbers. a. B-CsPbls single junction b. B-CsPbls-Zn(CsFs)2 single junction c.
thermally evaporated y-CsPbl3-GAl single junction and d. B-CsPbls-Zn(CsFs)2/y-CsPbls-GAl-
based PHS device under forward and reverse scan.

Supplementary Table 12. Hysteresis analysis of champion perovskite solar cells fabricated
based on different absorbers.

Perovskite Scan Voc Jsc FF PCE HI

absorber direction (V) (mAcm?) (%) (%)

B-CsPbls Forward 1.114 19.08 71.9 15.28 0.134
Reverse 1.170 19.95 75.6 17.65

B-CsPblz-Zn(CeFs)2  Forward 1.128 20.45 74.10 17.09 0.0938
Reverse 1.187 20.5 77.5 18.86

v-CsPbls-GAl Forward 1.068 15.35 74.58 12.23 0.0741
Reverse 1.120 15.60 75.6 13.21

PHS Forward 1.212 21.52 79.50 20.73 0.0398
Reverse 1.220 21.72 81.50 21.59
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Supplementary Table 13. Summary of solar cell parameters of reported inorganic PSCs based

on different perovskite polymorphs and device configurations.

Sr.

No.

© 00 N oo o B~ W N P

10
11
12
13
14
15

16
17
18
19
20

Composition

Phase

Conf.

PCE Reference

a-CsPDbls n-i-p and p-i-n configuration including quantum dots.

CsPbls
CsPblz QDs
CsPbls
CsPbls
CsPbls QDs
CsPbls
CsPbls QDs
CsPbls
CsPbls QDs

CsPbls
CsPbls-xBrx
CsPbls
CsPbls
CsPbls
CsPbls

CsPbls
CsPbls-xBrx
CsPbls
CsPbls
CsPbls

a-Phase
a-Phase
o-Phase
a-Phase
a-Phase
o-Phase
o-Phase
a-Phase

a-Phase

n-i-p
n-i-p
p-i-n
n-i-p
n-i-p
n-i-p
n-i-p
n-i-p
n-i-p

B—CsPbls p-i-n configuration

[-Phase p-i-n
[-Phase p-i-n
B-Phase p-i-n
[-Phase p-i-n
B-y-Phase  p-i-n
B-y-Phase  p-i-n

-Phase
[-Phase
[-Phase
B-Phase
[-Phase

Voc Jsc FF

(V) (mAcm?) (%) (%)
0.8 12 - 2.9
1.23 13.47 65 10.77
1.08 14.9 70 11.4
1.15 14.53 0.71 11.86
1162 15.24 76.63 13.43
1.104 19.15 80.6 17.06
1.06 17.77 758 14.32
1.06 20.56 7761 16.9
1.27 17.80 73.1 16.53
1.12 15.81 75.19 13.32
1.16 17.70 78.60 16.10
1.12 20.67 81.98 19.00
1.176  20.10 80.04 18.93
1.160 20.64 84.17 20.17
1.148  20.75 79.9 19.03

B—CsPbls n-i-p configuration

n-i-p
n-i-p
n-i-p
n-i-p

n-i-p

1.11
1.23
1.13
1.07
1.12

20.23
18.30
20.23
20.08
20.25

82.00
82.58
82.70
77.32
80.50

18.40
18.64
19.03
16.67
18.27

[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]

[14]
[15]
[16]
[17]
[18]
[19]

This work

[20]
[21]
[22]
[23]
[24]




21
22
23
24
25
26

27
28
29

30
31
32
33
34
35
36

CsPbl2.85Bro.15
CsPbls
CsPbls
CsPbls
CsPbls
CsPbls

CsPbl3
CsPbls
CsPbls

CsPbls
CsPbls
CsPbls
CsPbls-xBrx
CsPbls
CsPblzxBrx
CsPbls

[-Phase
B-Phase
[-Phase
[-Phase
B-Phase
B-y-Phase

v—CsPbls p-i-n configuration

v-Phase
v-Phase
y-Phase

v—CsPbls n-i-p configuration

y-Phase
v-Phase
y-Phase
v-Phase
v-Phase
v-Phase
v-Phase

1.23
1.15
1.20
1.17
1.20
1.220

n-i-p
n-i-p
n-i-p
n-i-p
n-i-p

n-i-p

0.93
1.09
1.172

p-i-n
p-i-n
p-i-n

0.79
1.04
1.059
1.23
1.182
1.20
1.244

n-i-p
n-i-p
n-i-p
n-i-p
n-i-p
n-i-p

n-i-p

19.94
20.76
20.59
20.52
20.68
21.72

14.3
17.33
20.58

0.26

16.53
18.95
20.55
18.67
20.86
20.60

80.11
84.30
82.50
83.40
81.87
81.5

19.65
20.08
20.37
20.04
20.32
21.59

68 8.84
7941 15
78.84 19.01

45 0.09
65.7 11.3
749 15.07
81.90 20.80
83.38 18.41
84.10 21.0
82.52 21.15

[25]
[26]
[27]
[28]
[29]
[30]
This work

[31]
[32]
[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]




Supplementary Table 14. Perovskite solar cell parameters fabricated using f—CsPbls-Zn(CsFs)2
via the hot-air method. Device area for all samples was 0.3 x 0.3 cm? and J-V curves were

measured under standard AM 1.5G (air mass 1.5 global) illumination.

Device Voc Jsc FF PCE
No. (V) (mAcm) (%) (%)

1 1.169 19.55 75.65 17.29
2 1.168 19.25 75 16.86
3 1.165 19.92 75.68 17.56
4 1.165 20.35 76 18.02
5 1.156 20.25 74.8 1751
6 1.153 20.5 76.9 18.18
7 1.165 20.15 77.8 18.26
8 1.166 20.45 77.42 18.46
9 1.158 20.36 74.6 17.59
10 1.170 19.68 76.58 17.63
11 1.168 19.85 74.6 17.30
12 1.177 20.1 75.8 17.93
13 1.165 20.35 76.08 18.04
14 1.165 20.45 75.9 18.08
15 1.18 20.15 76.5 18.19
16 1.187 20.5 77.5 18.86
17 1.175 20.3 77.3 18.44
18 1.168 20.2 775 18.29
19 1171 20.25 75.7 17.95
20 1.168 20.48 76.2 18.23
Average 1.168+0.01 20.155+0.34 76.17+1 17.94+0.48
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Supplementary Table 15. Perovskite solar cell parameters fabricated using y—CsPbls-GAl via

thermal evaporation method. Device area for all samples was 0.3 x 0.3 cm? and J-V curves were

measured under standard AM 1.5G (air mass 1.5 global) illumination.

Device Voc Jsc FF PCE
No. (V) (mAcm) (%) (%)
1 1.11 15.62 73.5 12.74
2 1.115 15.32 74.0 12.64
3 1.12 154 75.6 13.04
4 1.10 14.6 77.0 12.37
5 1.12 14.98 76.0 12.75
6 1.00 155 72.0 11.16
7 0.98 15.6 73.5 11.24
8 1.105 13.98 76.0 11.74
9 1.108 14.85 75.5 12.42
10 1.108 15.0 75.5 12.55
11 1.105 15.2 75.4 12.66
12 1.12 15.2 75.8 12.90
13 1.12 16.0 76.08 13.63
14 1.12 15.6 75.6 13.21
15 1.115 15.2 76.5 12.97
16 1.117 16.0 77.58 13.87
17 1.104 15.8 75.6 13.19
18 1.12 154 74.1 12.76
19 1.18 14.3 75.8 12.79
20 1.116 15.3 77.1 13.15
Average 1.105%0.042 15.25+0.52 75.30+1.36 12.70 £0.68
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Supplementary Table 16. Perovskite solar cell parameters fabricated using B—CsPbls-Zn(CeFs)2
/y—CsPbls-GAl-based PHS devices. Device area for all samples was 0.3 x 0.3 cm? and J-V curves

were measured under standard AM 1.5G (air mass 1.5 global) illumination.

Device Voc (V) Jsc (MAcm™2) FF (%) PCE (%)
No.

1 1.21 20.2 79.5 19.43
2 1.21 21.0 79.3 20.15
3 1.215 20.5 77.8 19.38
4 1.215 21.1 79.5 20.38
5 1.220 21.72 81.5 21.60
6 1.217 21.56 80.0 20.99
7 1.210 21.65 80.2 21.01
8 1.210 21.2 81.0 20.78
9 1.220 21.45 81.2 21.25
10 1.216 21.1 815 20.91
11 1.213 21.35 80.5 20.85
12 1.220 21.1 79.9 20.57
13 1.218 215 81.0 21.21
14 1.216 214 80.5 20.95
15 1.218 21.58 79.5 20.90
16 1.220 21.65 79.5 20.99
17 1.200 214 79.85 20.51
18 1.205 20.95 81.2 20.50
19 1.205 214 81.2 20.94
20 1.214 21.1 80.8 20.70
Average 1.214 +0.007 21.25+0.34 80.25+1.1 20.70 £ 0.5
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Supplementary Figure 27| MS curves of the control single junction B—CsPbls-Zn(CsFs)2,
v—CsPbls, and PHS-based devices; the slope was obtained by fitting the linear part. The fitting

lines are obtained by a linear fitting of data points.

Supplementary Note 3
Mott-Schottky (M-S) analysis

The 1/C? versus voltage plots attained from the C-V measurements and the corresponding built-
in potential and charge distribution at the perovskite/HTM interface were extracted by the Mott-

Schottky equation. (4%

1 2 2k, T
Sy AV AR A=
C? A%N,ge Vs

where C is the capacitance of the depletion-layer, A is the active area, e is the elementary charge,

) e (Supplementary equation 5)

Na is the carrier density, €ois the vacuum permittivity, € is the relative dielectric constant, Vi is
the built-in potential at equilibrium, V is the applied voltage, ks is Boltzmann’s constant, and T
is the absolute temperature.

Therefore a plot of C2 versus V yields a straight line with a slope than can be used to determine
Na.

2
Slope =— ..... (Supplementary equation 6
p egogNAA2 (Supp Y €q )
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a 1.0+ Thermal stability @ 65 °C b 1.0 - Thermal stability @ 85 °C
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Supplementary Figure 28| Thermal stability analysis. Thermal stability tests of the control and
PHS ata. 65 °C and b. 85 °C thermal stress without encapsulation. Data shows + 5% error bar.
Error bars represent the standard deviation of ten devices for control as well as for 90nm y-CsPbl3-
GAI PHS-based devices. Data are presented as mean values + SD. For J-V measurements, devices

were taken outside the glove box (every ~24 h) and immediately kept in the glove box after every
J-V measurement. Relative humidity 20-25 % during measurements.
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Supplementary Figure 29| Device configuration, cross-sectional view and J-V
characterizations of inverted “p-i-n” type PHS-based devices. a. Device configuration of
inverted p-i-n PHS. b. Cross-sectional SEM images of respected control and PHS-based complete
device. c. J-V curves in reverse scans. d. detailed photovoltaic properties. Total of twenty devices
were recorded in control and PHS configuration. The box plot in d panel displays the median line,
mean, 25 %~75% box limits range within 1.5x interquartile range outlier whiskers. e. Stability is
monitored in ambient conditions without encapsulation. Error bars (5%) represent the standard
deviation of seven and ten devices for control and PHS respectively. Relative humidity 20-25 %.
Data are presented as mean values + SD. Seven and ten devices were monitored respectively for
control, 90 nm y-CsPbls based PHS-based devices.
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Supplementary Note 4
Towards hybrid phase heterojunction solar cells (H-PHS)

Generally speaking, the suitability of the developed method towards alternative perovskite
compositions is equally important. For this, we further explore the feasibility of our PHS approach
in alternative polymorphs of organic-inorganic hybrid perovskites phase heterojunction (H-PHS).
However, this type of two different compositions is not pure phase heterojunction but
heterojunction or bilayered or 3D/PP-2D bilayer perovskite device has been reported previously.
[42, 43, 44] In this section, we implemented all-inorganic CsPbl2Br and organic-inorganic hybrid
MAPDIs, Cso.0sFA0.95Pbls perovskite composition in order to check PHS concept for alternative
composition. For this, used y-CsPbl2Br front absorber deposited by the dynamic hot-air (DHA)
method in ambient conditions, 3 followed by thermal evaporation of a-MAPbIz or -
Cso.0sFA0.95Pbl3 rear absorber. These two different y and o.-phases were successfully deposited and
analyzed by GIXRD and ToF-SIMS analyses, (Supplementary Figure 20-27). Furthermore, UPS
analysis clearly revealed that VBM of the y-CsPbl2Br/a-MAPDI3z and vy-CsPbl2Br/a-
Cso.05FA0.95Pbls interfaces are aligned at the heterointerface, while CBM of y-CsPbl2Br is lower
than both a-phases of rear absorbers. In this scenario, once the light is shined on this phase-
heterojunction, the photoexcited electrons are extracted towards the y-CsPbl2Br, while the holes
remain in the a-phase. Therefore, there is a possibility for an additional charge transfer mechanism
that can prevent this radiative recombination in the a-phase, resulting in the formation of a hybrid
phase heterojunction solar cell (H-PHS) with gradient energy levels, (Figure 28, Supplementary
Table 19). However, this study is out of scope in the present manuscript, but this is one of the
simple demonstrations that the PHS concept can be implemented in the alternative compositions

in halide perovskites.
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Supplementary Table 17. Detailed thermal evaporation parameters for a—CsosFA0.95Pbl3

individual materials for hybrid perovskite. * Initial rate need to optimize carefully.

Precursor Pbl2 Csl FAI

Set rate (A/s) 0.7-0.8 [0.1-0.05 |0.6-0.7
Temperature (°C) 310-330 | 445-455 150-160
Current required (Amp) 45-50 65-70 38-42*
Heating source Q-Crucible

Supplementary Table 18. Detailed thermal evaporation parameters for ac—MAPbI3 individual

materials for hybrid perovskite. * Initial rate needs to optimize carefully.

Precursor Pbl2 MAI
Set rate (A/s) 0.7-0.8 |[0.6-0.7
Temperature (°C) 310-330 | 120-125
Current required (Amp) 45-50 38-40*
Heating source Q-Crucible
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Supplementary Figure 30| Photographs of y—CsPbl2Br, y—CsPbl2Br/a—MAPbIs (H-PHS), and

v—CsPbl2Br/a—Cso.0sFAo.95Pbls thin films and stored in ambient condition over 24 hours. Relative

humidity 25-30 %.
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Supplementary Figure 31| Morphological, structural and optical properties of a—Cso.0sFA0.95Pbl3
perovskite thin film deposited by the triple source thermal evaporation method. The fitting lines in

d-e were obtained by linear fitting of data points.
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Supplementary Figure 32| Morphological, optical and structural properties of y—CsPbl2Br/ a.-

Cso.0sFA0.95Pbls-based H-PHS devices. a. Top-view of a-Cso.osFAo.9sPbls perovskite thin film

deposited on y—CsPbl2Br substrate.
Cso.05FA0.95Pbls-based hybrid phase-heterojunction (H-PHS) thin film. c. respective cross
sectional view. c. The complete XRD patterns of individual y—CsPbl2Br (hot air method) and -

b. Cross-sectional SEM

image of y—CsPblzBr/a-

Cso.05FA0.95Pbls perovskite thin films (thermal evaporation method). d. structural properties of

v—CsPbl2Br/o- Cso.0sFA0.95Pbls—based H-PHS thin film recorded at a different incident angle (Q).
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Supplementary Figure 33| Optical properties of the y—CsPbl2Br/a-Cso.osFAo.9sPbls-based H-
PHS thin films. a. UV-Vis optical absorption of y—CsPbl2Br, a-Cso.0sFA0.95Pbls and H-PHS thin
films. b. Tauc plots for respective samples. c. Magnified Tauc plot of H-PHS showing two
independent phases in single H-PHS thin film. The fitting lines in b-c are obtained by a linear

fitting of data points.
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Supplementary Figure 34| Morphological, optical and structural properties of y—CsPbl2Br/ a.-
MAPDIs-based H-PHS devices. y—3-based alternative PHS device architecture. a. to-view SEM of
a-MAPDI3 thin film deposited on y—CsPbl2Br substrate. b. respective cross-sectional view. c. The
complete XRD patterns of individual y—CsPbl2Br (hot air method) and a-MAPbI3 perovskite thin
films (thermal evaporation method). d, structural properties of y—CsPbl2Br/a-MAPbIs—based H-
PHS thin film recorded at a different incident angle (Q).
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Supplementary Figure 35| Optical properties of the y—CsPbl2Br/a-MAPbI3-based H-PHS thin

films. a. UV-Vis optical absorption of y—CsPbl2Br, a-MAPbIs and H-PHS thin films. b. Tauc plots

for respective samples. c. Tauc plot of H-PHS showing two independent phases in single H-PHS

thin film. The fitting lines in b-c are obtained by a linear fitting of data points.
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Supplementary Figure 36| a. ToF:SIMS elemental depth profiles of H-PHS thin film in
positive mode. a. Schematic representation of experimental measurements. b. Depth-profile
analysis TOF-SIMS elemental depth profiles of a-MAPbIs/y-CsPbl2Br thin film having FTO/c-

TiOz/perovskite configuration in positive mode. ¢. 2D and 3D renders images for each element.
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Supplementary Figure 37| a. ToF:SIMS elemental depth profiles of H-PHS thin film in
negative mode. a. Schematic representation of experimental measurements. b. Depth-profile
analysis TOF-SIMS elemental depth profiles of a-MAPbIs/y-CsPbl2Br thin film having FTO/c-

TiO2/perovskite configuration in negative mode. c. 2D and 3D renders images for each element.
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Supplementary Note 5.

Surface morphology of a-Cso.0sFA0.9s5Pbls perovskite thin film
To reveal the surface morphology of bare a-Cso.osFAo.95Pbls perovskite film we obtained toop-

view SEM as shown in supplementary Figure 31a. Top-view SEM image reveals the formation
of well-defined grain having 500-600 nm grain size. Interestingly, the cross-sectional SEM image
shows the very compact nature of thermally evaporated a-Cso.0sFA0.95Pbls perovskite thin film
with reduced grain boundaries. The XRD analysis clearly reveals the formation pure -
Cso.05FA0.95Pbl3 phase. Our UV-Vis optical absorption analysis clearly revealed that the fabricated
o-Cso.0sFA0.95Pbls  perovskite thin films show an absorption band edge at ~820 nm which results
in a 1.51 eV band gap. With these optimized conditions, we deposited the a—Cso.0sFA0.95Pbl3
perovskite layer onto the y-CsPbl2Br film. The resulting a-Cso.osFA0.95Pbls film deposited on -
CsPbl2Br shows an extra-large grain size of >2 um compared with that deposited on the c-
TiO2/Sn0O2 layer. The cross-sectional SEM image shows a clear formation of two different layers

having smooth interface supplementary Figure 32.

GIXRD of a-Cso.0sFA0.95Pbls-based H-PHS

To further confirm the structure of the y-CsPbl2Br/a-Cso.0sFA0.9sPbls H-PHS, grazing-incidence
XRD experiments were performed on the PHJ100 sample by varying the incidence angle Q from
0.4° to 5° (Supplementary Figure 32d). The lower incidence angles are more surface sensitive to
rear a-Cso.osFA0.95Pbls phase while higher incident angle can detect front absorber. Therefore, we
obtained the XRD patterns (measured around ~27 to 31°) show a stronger contribution of -
Cso.05FA0.95Pbls (004) diffraction peak, with a smaller contribution of the y-CsPbl2Br (200) peak.
Increasing Q from 0.4° to 5° makes the measurement more bulk sensitive, leading to a far stronger
signal from the y-CsPbls (200) peak. These measurements confirm the formation of a y-
CsPbl2Br/a-Cso.0sFA09esPbls H-PHS that retains the phase of each of the junction layers.
Furthermore, our UV-Vis optical absorption study clearly revealed that presence of two
independent phases in the same sample, Supplementary Figure 33. Similar results have been

observed for a-MAPDI3-based H-PHS thin films, Supplementary Figure 34, 35.
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ToF-SIMS of a-MAPDbIs-based H-PHS

The elemental distribution as a function of depth in the y-CsPbl2Br/a-MAPbIs (H-PHS) film was
measured by TOF-SIMS in positive and negative modes as shown in Supplementary Figures 36,
37. Only CH3®, NH* along with Pbl* elements were observed on the surface, which clearly
indicates the presence of MAPDIs. However, after 100 sec sputtering time sample exhibited a
homogenous distribution of Csl*, Pbl* and PbBr* starts appearing clearly showing the presence of
y-CsPbl2Br composition when measured in a positive mode. The titanium signal appears after a
certain sputtering time (650 sec) and then saturates, indicating the presence of a compact capping
layer in the device. In order to track the presence of nitrogen, carbon and CH3* elements more
precisely, the TOF-SIMS analysis also in negative mode has been obtained, Supplementary
Figures 37. Detailed elemental distribution revealed that the carbon and CH3* elements are present
only at the surface, while cesium starts appearing after 450 sec. The other elements such as lead,

iodine, and bromine were distributed homogeneously up to 3600 sec.
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Supplementary Figure 38| y—CsPbl2Br, y—CsPbl2Br/a—Cso.gsFA09sPbls (H-PHS), and

v—CsPbl2Br/a—MAPbIs (H-PHS) interface analysis. a-e. Ultraviolet photoelectron spectroscopy
(UPS) spectra (using the He—1 line with a photon energy of 21.22 eV) corresponding to the
secondary electron onset region (WF, work function) and valence band region (VBM, valence
band minimum) of the device containing layers with respect to the Fermi energy (w.r.t. EF). VBM
onsets for perovskites were determined from semilog plots. f. Energy band levels of the device
containing layers. The fitting lines (VBM values) in c-e are obtained by fitting plots guides to the

eye.
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Supplementary Table 19.

analysis.

Calculated parameters

Ecutoff

(eV)

WF (¢) VBM-Er

(eV)

Q%

for

energy

VBM

level

v—CsPbl2Br,
7—CsPbl2Br/a—Cso.esFA0.9sPbls, and y—CsPbl2Br/a—-MAPbDIs-based H-PHS devices from UPS

v-CsPbl2Br
v-CsPbl2Br/a-Cso.0sFA0.95Pbl3

y-CsPbl2Br/a-MAPbDI3
P3HT+SMe-TATPyr

4.76
4.32

4.24
3.89

5.80
5.63

5.51
4.57

1.90
1.90

1.90
1.92

3.90
3.73

3.61
2.65
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Supplementary Figure 39| a-c. device configuration of H-PHS based on different top-layer.
d. cross-sectional SEM image of y—CsPbl2Br/a-Cso.0sFAo.95Pbls-based H-PHS. e Photovoltaics
analysis of y—CsPbl2Br, y—CsPbl2Br/a-MAPbI3 and y—CsPbl2Br/a-Cso.osFAo.9sPbls-based H-PHS
devices. f. Steady-state current measurements. g. Stability of non-encapsulated H-PHS in ambient
conditions. Relative humidity 25-30 %. The y-CsPbl2Br, y-CsPbl2Br/a-MAPbIs and
y—CsPbl2Br/o-Cso.0sFAo.9sPbls-based H-PHS devices had initial PCEs of 14.59 %, 15.32, and
17.58 %, respectively.

Supplementary Note 6

Fabrication of hybrid phase heterojunction solar cells (H-PHS)
The y-CsPbl2Br front absorber was deposited by the hot-air method as per our previous

report. 151 Then annealed y-CsPbl2Br thin film was transferred in the vacuum chamber for a-
MAPDIs or a-CsoosFA09sPbls perovskite thin films deposition. For a-MAPDI3 two quartz
crucibles while three quartz crucibles are used for o-Cso.osFA0.95Pbls deposition. Experimental
conditions for each layer are summarized in Supplementary Table 17 and 18. Quartz crystal
microbalances are placed close to the substrate to monitor the evaporation rate. After desired film
thickness, samples were vacuum annealed in the thermal evaporator chamber using a substrate
heater at 100 and 110 °C respectively for a-MAPDbI3 and a-Cso.0sFA0.95Pbl3 perovskite thin films

and removed from the chamber. The hole-transport layer is deposited on top of the H-PHS thin
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films as mentioned before. Finally, 80 nm gold contact was deposited in another thermal
evaporation.

Supplementary Figure 39 shows a schematic representation of the H-PHS devices with
o-MAPDI3 and a-Cso.osFA0.95Pbl3s rear absorber and y-CsPbl2Br front absorber. Representative J-
V curves show our y-CsPbl2Br/a-MAPDIs-based device exhibited a Voc of 1.175 V, a Jsc of 16.75
mA cm?, and a FF of 78.1 %, yielding 15.36 % PCE. In addition, the champion device based on
v-CsPbl2Br/a-Cso.0sFA0.95Pbls configuration showed an excellent FF of 80%, with a Jsc of 19.20
mA cm?, and a Voc of 1.147 V, yielding efficiency of 17.62 %, (Supplementary Table 20).
Detailed SPO and long-term stability analysis revealed clear improvement after o-phase rear
absorber deposition.

Although our devices exhibited long-term stability at room temperature, the bilayer or
phase-heterojunction stability at higher thermal stress as per International Summit on Organic
Photovoltaic Stability (1ISOS) protocols (for example Tes, Tss, T100 for 1000 hours) need to be
confirm. There might be an ion migration specifically MA* /FA* cations from rear absorber and
reaction between Cs* which is reported previously between MA* and FA* cations. [l We observed
this kind of ion-migration in our H-PHS system which results in alternative third composition once
we annealed at higher temperature (170 °C) (Data not shown in this manuscript). This is the current
limitation of phase heterojunction or bilayer PSC concept for alternative compositions. This ion
migration issue may be tackled by inserting oxide tunneling layer (like few nanometers of atomic
layer deposited Al203, ZrO2, etc. tunneling layers). In addition to ion migration, currently we have
only limited perovskite polymorphs like a-CsPbls, B-CsPbls and y-CsPbls while organic-inorganic
hybrid perovskites we need to focus of lattice contraction and relaxation or distorted perovskite
phases 1] or various compositions and phases of identical perovskite compositions 471 in order to

achieve various polymers of hybrid perovskites-based 8] phase-heterojunction solar cell concept.
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Supplementary Table 20. Summary of solar cell parameters fabricated based on different
thicknesses of rear y—CsPbls perovskites.

Front Rear absorber Voc Jsc FF PCE
absorber (thermal (V) (MAcm?) (%) (%)
Hot air Evaporation)
absent 1.255 14.83 78.5 14.62
y—CsPbl2Br o—MAPbDI3 1.175 16.75 78.1 15.36
o—Cso.0sFA09sPbls  1.147 19.20 80.0 17.62
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Supplementary Note 7.

The PHS-based perovskite solar mini-module (PSM) consisted of six perovskite subcells
connected in series on a 5.22 cm x 5.22 cm substrate with a total active area of 19.17 cm?. The
laser scribing lines P1 and P2 were made by using a COz2 laser source with 30 and 20 % power
respectively. The c-TiO2/SnO2 ETL, B—CsPbls/y—CsPbls, and P3HT+Sme-TATPyr HTL layers
were prepared following the identical procedure mentioned above for the small-size PSCs. Next
line (P2) was conducted using controlled laser power (~6 %) in order to expose the bottom FTO/c-
TiO2/SnO2 ETL to form the series of connections between cells. A gold top contact with a
thickness of 100 nm was then deposited by thermal evaporation. Finally, P3 lines were made by
mechanical scribing to separate each subcells. The active area of the perovskite solar modules is
(19.17 cm?) determined by the overlapping regions of the FTO substrate and the Au electrodes.
While the exact exposure area excluding the dead area was 18.07 cm?. Therefore, the geometrical
fill factor (GFF) of the mini-module is ~94.2 %.
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Supplementary Figure 40| Photographs of CsPbls-based PHS device fabricated by a combination
of hot-air assisted blade coating and thermal evaporation method. Left photograph shows ambient
stability after y—CsPbls-GAl deposition. Right photograph shows the complete PHS module. Both
photo credit: Dr. Sawanta S. Mali

Supplementary Note 8.

In order to make an ultra-large (130 x 130 mm?) PHS module, ¢-TiO2 and SnO: bilayer
ETL was obtained by an indigenous spray coating method. The ETL precursors were prepared as
follows; for c-TiO2 spray solution, 50 mL ethanol solution containing 3 mL titanium
diisopropoxide bis(acetylacetonate) and 2 mL acetylacetone at 350 °C. After deposition samples
were further annealed in a muffle furnace for the next 30 min at 450 °C. The SnO: solution was
prepared as the same recipe discussed above and sprayed 30 mL at 180 °C. For the front —CsPbls
absorber layer was achieved by the hot-air assisted blade coating method followed by annealing at
210 °C for 20 min. For y—CsPbls-GAl deposition we followed the same deposition method as
discussed above, (Supplementary Movies 1, 2). The P3BHT+SME-TAPyr HTL was blade coated
in ambient conditions and then annealed. The P1 and P2 laser scribing is done by the above

protocol. Top gold contact (120 nm) was made by the thermal evaporation method.
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