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1. Free carrier absorption in TCOs

In the NIR-IR part of the spectrum, the main source of optical loss in TCOs is parasitic
absorption by free carriers in the conduction band. This effect is called free carrier absorption
(FCA), which is well-described by the classical Drude theory in the NIR-IR range as
follows."

The collective oscillation of the free electrons with the electric field of the incident photons
form plasmons with a frequency (w,,) described by the classical Drude model as:

wy = | (S1)
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where N is the optical carrier concentration, e is the charge of the electron, m* is the effective
mass of the carriers and €,¢, is the permittivity of the material. The plasma wavelength at
which the transmittance of the TCO is limited by FCA is then calculated from A, = 27h/w,.
For degenerated TCOs with N, ~ 10* ¢m>, Ap = 1000 nm. For metals (N, > 102 cm™), Ap
blue-shifts to the deep-UV, i.e. 1, < 200 nm.’

Following the Drude model, FCA absorption of TCOs can be expressed as a function of the
electron carrier density and optical mobility as follows. For free electrons in metals and highly
doped semiconductors, the complex dielectric function (¢) of the material is given by

= m i) = e b e [(1- ) S ()] )

(w2+iwl) (w2+4T2) w2+4T2

where &, is the high-frequency dielectric constant, n is the refractive index, k is the
extinction coefficient and I' is the oscillator damping constant or a broadening parameter
given by

C= Y Gtopemy 5

where 1, is the optical mobility. By separating the real and imaginary parts, we can obtain
an expression for n and & in terms of N, and ;. For our case of low-to-moderate doping, it
holds that n > k so that only the imaginary part of Eq. (2) has to be taken and we obtain'
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Considering the absorption coefficient, a = Ak / 2 and w >» I' for TCOs with high N, (i.e.,

10"-10*" cm™)"*, the photon loss due to free carrier absorption, or the free carrier absorption
coefficient (apc,) can be written as *,’

A%e3N,

4m2eoc3n(m*)pope’

Apca = (S5)

2. Table of high performing n-type and p-type transparent conductors

In order to construct Figure 3 in the main text, we used a representative sample to the highest
performing n-type and p-type TCOs in the literature. The candidate high performing p-type
transparent conductors were selected from the table in the supplement of Woods-Robinson et
al.”' In Table S1, below, we list the properties of the candidate materials shown in Figure 3.

Table S1. Candidate n-type and p-type transparent conductors (oxides and other
chalcogenides) used in Figure 3.

Material Deposition Method Max Conductivity Optical c/o Reference
Processing o Absorption
Temperature (Scm™) Coefficient Q")
°C) a(cm”)
(averaged over
400-700 nm)
n;05:Ce:H Sputtering + anneal 200 2700 132 20.45 6
(ICO)
IS IEE N s sy ereapesition 100 2860 514 5.56 4
(ALD)
In,05:H (IOH) Sputtering + anneal 200 3150 168 18.75 8
|n203:Zn . 9
(1ZO) Sputtering 60 2500 453 5.52
In205:Sn Sputtering 300 3000 500 6.00 10
(ITO)
e
|n203:Sn . 1
‘? (ITO) Sputtering + anneal 200 960 880 1.09
£ SnOx:F
nO,: 12
(FTO) APCVD 400 1900 1550 1.23
ZnO:B CVD 178 576 100 5.76 b
ZnO:Al . 14
(AZO) Sputtering 200 750 1135 0.66
cdo:In Sputtering 200 2500 2500 1.00 15
ZngSnyg0es : 16
(ZTO) Sputtering 150 365 1300 0.28
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ZngSn250es6 : 17
(ZTO) Sputtering + anneal 500 600 800 0.75
TiO,:Nb Pulsed laser deposition 500 2170 875 248 18
(PLD)
CUAIO, Laser ablation (PLD) 700 <1 21000 4.76E-05 19
CUAIO2+x DC sputtering 200 5 21000 2.38E-04 20
CuCrO2:Mg RF sputtering 750 220 42000 5.24E-03 21
Cu,Cro, Spray pyrolysis 345 + 10°C 12 79000 3.50E-04 22
CUSCO2+x Sputtering 900 30 83000 3.60E-04 B
CuYOz:Ca Sputtering 900 8 50000 1.61E-04 2
C0304:NizO4 . 25
o0 RF sputtering 400 333 190000 1.76E-04
8_ MoOs:In Tube furnace 727 400 22000 1.84E-02 %
>
w Molecular beam 27
o LaCrOy:Sr opitany (MBE) 700 54 170000 3.14E-04
ZnO:Rhz0s RF sputtering 25 21 27000 7.70E-04 28
Zn-Co-o | Pulsedlaser deposition 25 1.9 40000 4.76E-05 2
(PLD)
Conventive Self 30
Zn«(CUAIS2)1x Aesombly (CSA) 500 63.5 16000 3.91E-03
BaCuzS: RF sputtering 264 17 16000 1.05E-03 3
Cu-Zn-S Pulsed laser deposition 550 54 51000 1 06E-03 32
(PLD)
Cuznig | Pulsedlaser deposition 25 42 28000 1.34E-03 3
(PLD)
. Chemical bath 34
ZnS:Cu,S deposition (GBD) 80 1000 102000 9.79E-03

3. Table of selected TCO, graphene and metal work functions.

Table S2. TCOs,

raphene and metal work functions as reported in literature.

TCO Work function (eV) Ref Metal Work function (eV) Ref
ZnO:Al (AZO) 35-45 35-36-37 Ag 43-47 42

;05 48-5 38 Al 42
In,05:Sn (ITO) 4-5 35-36-37 Au 42

Sno 45-5 36-38 Cu 45-47 42
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SnO:F (FTO) 45-5 35-36-37 Pt 5-6 42
SnO:Sb (ATO) 45-5 35-36 Mg 3-4 42
Zn,In;0s (1ZO) 4.9 35-36-37 Li 2-3 42
ZnSn0; (ZTO) 47-53 35-36-37 Zn 3-4 42
In20s:Ga (IGO) 4.9-54 35-36 Sn 42-44 42

In,05:Sn:Ga (GITO) 49-54 35-36 Ca 28-3 42
12 0(?301-21,;\;203 24 39 W 45 42
Graphene 45-5 4041
References

(1) S. Trevor, G. J. B. Moss, B. Ellis Semiconductor Opto-Electronics; Butterworths:
London, 1973.

(2)  H. Fujiwara, M. Kondo, Phys. Rev. B 2005, 71.

3) K. Ellmer, Nat Photon 2012, 6, 809.

(4)  K.L. Chopra, S. Major, D. K. Pandya, Thin Solid Films 1983, 102, 1.

%) J. L. Pankove, Optical Processes in Semiconductors; Dover Publications, Inc., 1971.

(6) E. Kobayashi, Y. Watabe, T. Yamamoto, and Y. Yamada, Solar Energy Materials and
Solar Cells 2016, 149, 75.

(7)  B. Macco, H. C. M. Knoops, and W. M. M. Kessels, ACS Applied Materials &
Interfaces 2015, 7, 16723.

(8) T. Koida, H. Shibata, M. Kondo, K. Tsutsumi, A. Sakaguchi, M. Suzuki, and H.
Fujiwara, J. Appl. Phys. 2012, 111.

)] M. Morales-Masis, S. M. De Nicolas, J. Holovsky, S. De Wolf, and C. Ballif, /EEE
Journal of Photovoltaics 2015, 5, 1340.

(10) 1. Hamberg, C. G. Granqvist, J. Appl. Phys. 1986, 60, R123.

(11)  Z. C. Holman, M. Filipic, A. Descoeudres, S. De Wolf, F. Smole, M. Topic, and C.
Ballif, J. Appl. Phys. 2013, 113.

(12) D. S. Bhachu, M. R. Waugh, K. Zeissler, W. R. Branford, and 1. P. Parkin, Chemistry-
a European Journal 2011, 17, 11613.

(13) L. Ding, S. Nicolay, J. Steinhauser, U. Kroll, and C. Ballif, Advanced Functional
Materials 2013, 23, 5177.

(14) A. Lyubchyk, A. Vicente, B. Soule, P. U. Alves, T. Mateus, M. J. Mendes, H. Aguas,
E. Fortunato, and R. Martins, Advanced Electronic Materials 2016, 2.

(15) A. J. Freeman, K. R. Poeppelmeier, T. O. Mason, R. P. H. Chang, and T. J. Marks,
MRS Bulletin 2000, 25, 45.

(16) M. Morales-Masis, F. Dauzou, Q. Jeangros, A. Dabirian, H. Lifka, R. Gierth, M.
Ruske, D. Moet, A. Hessler-Wyser, C. Ballif, Advanced Functional Materials 2016,
26, 384.

(17) J. Werner, A. Walter, E. Rucavado, S.-J. Moon, D. Sacchetto, M. Rienaecker, R.
Peibst, R. Brendel, X. Niquille, S. De Wolf, P. Loper, M. Morales-Masis, S. Nicolay,
B. Niesen, and C. Ballif, Appl. Phys. Lett. 2016, 109.

(18) T. Hitosugi, N. Yamada, S. Nakao, Y. Hirose, and T. Hasegawa, Physica Status Solidi
a-Applications and Materials Science 2010, 207, 1529.




(19)
(20)

21)
(22)

(23)
(24)

(25)
(26)

(27)

(28)
(29)
(30)
(1)
(32)

(33)

(34)

(35)
(36)
(37)
(38)
(39)
(40)
(41)

(42)

WILEY-VCH

H. Kawazoe, M. Yasukawa, H. Hyodo, M. Kurita, H. Yanagi, and H. Hosono, Nature
1997, 389, 939.

A. N. Banerjee, C. K. Ghosh, and K. K. Chattopadhyay, Solar Energy Materials and
Solar Cells 2005, 89, 75.

R. Nagarajan, A. D. Draeseke, A. W. Sleight, and J. Tate, Appl. Phys. 2001, 89, 8022.
L. Farrell, E. Norton, C. M. Smith, D. Caffrey, I. V. Shvets, and K. Fleischer, J. of
Materials Chemistry C 2016, 4, 126.

N. Duan, A. W. Sleight, M. K. Jayaraj, and J. Tate, J. Appl. Phys. Lett. 2000, 77, 1325.
R. Manoj, M. Nisha, K. A. Vanaja, and M. K. Jayaraj, Bulletin of Materials Science
2008, 31, 49.

C. F. Windisch, G. J. Exarhos, K. F. Ferris, M. H. Engelhard, and D. C. Stewart, Thin
Solid Films 2001, 398, 45.

H.Y. Chen, H. C. Su, C. H. Chen, K. L. Liu, C. M. Tsai, S. J. Yen, and T. R. Yew,
Journal of Materials Chemistry 2011, 21, 5745.

K. H. L. Zhang, Y. Du, A. Papadogianni, O. Bierwagen, S. Sallis, L. F. J. Piper, M. E.
Bowden, V. Shutthanandan, P. V. Sushko, and S. A. Chambers, Adv. Mater. 2015, 27,
5191.

S. Narushima, H. Mizoguchi, K. Shimizu, K. Ueda, H. Ohta, M. Hirano, T. Kamiya,
and H. Hosono, Advanced Materials 2003, 15, 1409.

S. Kim, J. A. Cianfrone, P. Sadik, K. W. Kim, M. Ivill, and D. P. Norton, J. Appl. Phys.
2010, 107.

M. L. Liu, F. Q. Huang, L. D. Chen, Y. M. Wang, Y. H. Wang, G. F. Li, and Q. Zhang,
Appl. Phys. Lett. 2007, 90.

S. Park, D. A. Keszler, M. M. Valencia, R. L. Hoffman, J. P. Bender, and J. F. Wager,
Appl. Phys. Lett. 2002, 80, 4393.

A. M. Diamond, L. Corbellini, K. R. Balasubramaniam, S. Y. Chen, S. Z. Wang, T. S.
Matthews, L. W. Wang, R. Ramesh, and J. W. Ager, Physica Status Solidi a-
Applications and Materials Science 2012, 209, 2101.

R. Woods-Robinson, J. K. Cooper, X. J. Xu, L. T. Schelhas, V. L. Pool, A. Faghaninia,
C. S. Lo, M. F. Toney, I. D. Sharp, and J. W. Ager, Advanced Electronic Materials
2016, 2.

X. J. Xu, J. Bullock, L. T. Schelhas, E. Z. Stutz, J. J. Fonseca, M. Hettick, V. L. Pool,
K. F. Tai, M. F. Toney, X. S. Fang, A. Javey, L. H. Wong, and J. W. Ager, Nano
Letters 2016, 16, 1925.

A. Klein, C. Korber, A. Wachau, F. Sauberlich, Y. Gassenbauer, S. P. Harvey,; D. E.
Proffit, T. O. Mason, Materials 2010, 3, 4892.

A. Klein, Journal of the American Ceramic Society 2013, 96, 331.

T. Minami, T. Miyata, T. Yamamoto, Surface & Coatings Technology 1998, 108, 583.
T. C. Yeh, Q. Zhu, D. B. Buchholz, A. B. Martinson, R. P. H. Chang, and T. O. Mason,
Applied Surface Science 2015, 330, 405.

Y. Toda, H. Yanagi, E. Tkenaga, J. J. Kim, M. Kobata, S. Ueda, T. Kamiya, M. Hirano,
K. Kobayashi, and H. Hosono, Advanced Materials 2007, 19, 3564.

J. HKim, J. H. Hwang, J. Suh, S. Tongay, S. Kwon, C. C. Hwang, J. Q. Wu, J. Y.
Park, Appl. Phys. Lett. 2013, 103.

S. Ryu, L. Liu, S. Berciaud, Y. J. Yu, H. T. Liu, P. Kim, G. W. Flynn, L. E. Brus,
Nano Letters 2010, 10, 4944.

J. S. Holzl, In Springer Tracts in Modern Physics; Springer: 2006; Vol. 85, p 1.



