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Supplementary Information
Supplementary Note 1: Printing parameters

Additional experiments were performed to analyse the effects of printing parameters such as the rolling
speed and droplet size on the transferred sheets and substrate coverage. It was observed that the
maximum attainable rolling speed depends on the size of the droplet. Larger droplets tend to
fragmentate when rolled too fast or separate from the glass rod, resulting in an upper printing speed
limit. This behaviour is summarised in Extended Data Figure 1a. The oxidation time prior to rolling and
its influence on the sheet thickness was also investigated. Extended Data Figure 1b shows that extending

the growth time before rolling results in no significant increase in sheet thickness of the 2D TeO..

The degree of surface coverage depending on the printing speed was also investigated. A fast-
continuous motion was found to lead to sparse surface coverage which may be preferred when
individual flakes are to be synthesised for subsequent dry-transfer. A higher surface coverage was
obtained when a step by step coating procedure was adopted. Here the droplet is allowed to oxidise for
a set time, is moved the distance of one droplet diameter and is then allowed to re-oxidise for the same
time period prior to being moved again. For this stepped roll-printing, the oxidation time per step was
found to have profound effects on substrate coverage and lateral dimensions of the isolated sheets
(Extended Data Figure 1c). When the droplets were rolled at relatively slower step-speeds, a substrate
coverage exceeding 50% can be obtained. This may be improved upon in further work. Supplementary
Information Movie S3 shows the result from a 3-minute oxidation-step experiment, leaving behind a

large area that is covered with 2D TeO; sheets.
Supplementary Note 2: Hole effective mass measurement

Scanning tunnelling spectroscopy (STS) was employed to measure the tunnelling current at a constant
distance from the sample. The tip bias and tunnelling current can be modelled using Fowler-Nordheim
(Equation S1):1

8mV2m* 3

I, < U? exp(—,——¢ 27) (Eqg. S1)

Where I; and U represent the tunnelling current and tip bias, respectively. z is the gap between sample
and tip, which was constant since the measurement was conducted under constant distance mode. h and
e are Planck's constant and the unit of charge of an electron, respectively. m* is the effective mass of

the charge carrier, while ¢ is the barrier potential. Equation S1 can be simplified as below:??

I, = a; X U%exp(a, @) (Eq. S2)



The STS curve obtained was fitted into Equation S2 using MATLAB program R2019b. A curve fitting
algorithm from the optimisation toolbox was used to obtain m;,. An effective mass of m;, = 0.51 was
determined with the coefficient of determination being R? = 0.992, demonstrating an excellent fit
(Extended Data Figure 6).

Supplementary Note 3: Field-effect mobility calculation

The field-effect mobilities at ambient and cryogenic temperatures were calculated using the relation:
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(Eq. S3)

Where u,, is the hole mobility, Io and Vp refer to the drain-source current and voltage, respectively, Ve
is the gate voltage, L and W are the length and width of the channel, respectively, and Co is the gate

insulator capacitance (9 nF cm for thermally grown 300 nm SiO,).
Supplementary Note 4: Resistivity measurements

The measurements, performed along the two principal axes of the device, resulted in the resistances Ryx
=445.3 kQ and Ry = 62.89 MQ, and a van der Pauw anisotropy of:

A = 7% = 141.23 (Eq. S4)
xy
The van der Pauw method ordinarily assumes a uniform, homogeneous and isotropic material.
However, it has been demonstrated that the technique can also be used to accurately determine the
properties of anisotropic materials.* The asymmetry in the resistance of the sample can be related to the

real transport anisotropy through the analytically obtained expression:

A= Rex Ynoaa+msinh( |AgFemn)] ™t (Eq. S5)
vdP = Ryy - Y n=oqq+[nsinh([Aqrrmn)]~1 Q-

where Agr is an effective anisotropy which combines the geometrical aspect ratio of the samples and the
transport anisotropy. We prepared a square van der Pauw geometry and assumed that our contacts have
an ideal aspect ratio of 1. Numerical solving from the Equation S5 resulted in Ac = 4.18 and the

resistivity of the sample along the two principal axes is then given by:

Pxx = Pavg ’A;}f (Eq. S6)

Pyy = Pavg~/Aeff (Eq. S7)



where pg,4 is the average resistivity determined by solving the van der Pauw equation normally used

for isotropic samples:
R R
exp(—m =) +exp(—r—2) =1 (Eg. S8)
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From solving for p,,,,, a sheet resistance Ry "7 = 53.91 MQ/square can be obtained from R¢™ = p,,,4

X t (where t is the sample thickness). From this, the anisotropic sheet resistances of the two principal

axes were determined by:

R¥* =R /Agflf =26.37 MQ/square (Eq. S9)
RYY = Rg™ . [A.rr = 110.23 MQ/square (Eq. S10)

Multiplying by the sample thickness in cm will provide the resistivity p in units of Q.cm.
Supplementary Note 5: Charge carrier density and Hall mobility measurements

A DC magnetic field between -0.7 and +0.7 T was applied perpendicular to the sample surface. The
longitudinal Hall voltage was then derived from:

Vyey(B)= Vyy(—B)
Vey (B) = 2 Pr D) (Ea.511)

in which l7xy (B) is the raw measured Hall voltage. The Hall voltage was then obtained by:

Vy == (Eq. S12)

" nte

where [ is the current, B is the magnetic field, n is the charge carrier density, t is the thickness of the
sample, and e is the electron charge. According to the Equation S12, the charge carrier density is n,p
=1.04 x 10° cm™. The anisotropic mobility of the sample can be calculated from:

1 _ 1
enp nypRge

(Eg. S13)

This resulted in the following mobilities for the principal axes of the devices:
Uy = 227.61 cm?/Vs (Eq. S14)

lyy = 54.46 cM?/Vs (Eq. S15)



With the average mobility being p4,,4 = 141 cm*Vs, which agrees well with measured FET mobilities

Uppr = 146 = 42 cm?/Vs.

Liquid Se-Te chalcogen mixture

Supplementary Figure 1. Roll-transfer method. Surface oxides can be transferred via rolling of a
Se/Te droplet on a SiO, 300 nm/Si wafer. The transferred 2D TeO. is visible behind the droplet.

Supplementary Figure 2. Optical microscopy image of 2D TeO.. A large area highly transparent 2D
sheet was transferred onto a quartz substrate.
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Supplementary Figure 3. Electronic Band Structure plot for bulk B-TeO.. The indirect bandgap
was predicted to be 3.28 eV.
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Supplementary Figure 4. Scanning tunnelling spectroscopy data for 2D TeO..
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Supplementary Figure 5. Bilayer TeO, DOS. Calculated density of states for bilayer 2D TeO;
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Supplementary Figure 6. Hall effect measurements. A schematic of the standard van der Pauw (vdP)
device for Hall mobility measurements with SEM images.



Supplementary Table 1. Gibbs free energy of formation for oxides of both selenium and tellurium.

Chemical composition | Calculated AG¢ k/mol Reference
Se0; — 86.154 °
Se0s —-171.797 5
v-TeO —229.8 6
a-TeO; —232.8 6
B-TeO, —236.3 6




Supplementary Table 2. Selected reported FETs utilising p-type oxides as their channel material.

Oxides (eE\g/) (sztl/_ls_l) lon/ lof v 2?0'1) Year | Reference
NiO - 1.6 x 10* 130 - 2008 !
NiO - 5.2 2.2x10° 3.91 2013 8
NiO 3.41-3.7 0.05 10° 2.6 2015 o
NiOx - 252+1.7 10° 0.7 2016 10
NiOx - 4.4 10° 0.25 2016 1
NiOx 3.65-3.82 0.78 5.3 x 10* 1.37 2018 12
NiO 3.69-3.78 6.0 107 0.13 2019 13
Cu0 - 0.26 6.0 - 2008 14
CuO 1.41 0.4 104 - 2010 5
Cu,0 - 2.4 3.96 x 10* - 2012 16
Cu0 - 0.06 10* 3 2013 i
Cu0 - 0.16 10° - 2013 18
CuO 15 0.01 10* 3.3 2014 19
CuO - 0.78£0.03 10° 0.4 2015 20
CuxO - 0.44 £ 0.05 10° - 10* 52+0.5 | 2016 10
Cu,0 - 0.002 10° - 2016 2
CuO - 0.01 10° - 2016 21
CuxO - 2.7 2x10° 0.19 2017 22
Cu0 2.36 5.2 x10* - 4.2 2018 28
CuO 1.55 2.33x10* - 8 2018 23
CuxO 2.1-3.3 0.15 10* - 2019 24
SnO 2.7 1.3 102 - 2008 25
SnO - 0.24 102 - 2010 26
SnO 2.78 1.8 1.3x 103 - 2013 27
SnO 2.65-2.92 6.75 6 x 10° 7.63-10 | 2013 28
SnO 2.8-2.95 1.9 - - 2016 29
SnO 4.2 0.7 20 - 2017 %0
SnOy 2.6-2.75 4.6 7 x 10* - 2019 81
SnO 2.66 0.29+0.07 | 5.4 (x0.2)x10% | 11.9+1.2 | 2019 32

CuAlO, 3.24-3.8 0.1 10° 8.6 2018 3

CuAlO, 3.61-3.73 1.36 10° - 2019 3

CuCrO; 2.95-3.02 0.59 10° 5.66 2018 *

CUl.xCI'xOQ.z; 2.8 0.32 7 X 102 - 2014 36

B-TeO; 3.7 232 10° 0.103+ 3 | 2020 | This work




Supplementary Table 3. Selected reported FETSs utilising n-type oxides as their channel material.

Oxides (E\% (sztl/_ls_l) Lon/ loft v 3?0_1) Year Reference
In,03 3.65 ~140 10° 0.09 2006 37
In;03 3.7-3.85 55.26 107 - 2011 38
In;03 - 127 10° 0.137 2013 %9
In203 - 3.98 108 0.4 2013 40
In203 - 23.6 1.1 x 107 0.09 2014 4
In;03 - 8 10° 0.4 2015 42
In;03 - 21.22 107 0.1 2019 43
Sn0O, - 2 10° 4 2004 4
Sn0O, - 17.4 10° 0.72 2009 4
SnO; - 103 104 - 10° 0.3 2013 46
Sn0, - 35.4 4.5 x 107 0.623 2015 4
Sn0O, ~4 0.23 10° - 2017 48
Sn0; - 7.3 10° 1.25 2019 49
Sn0; - 92 3x 108 0.074 2019 50
Sn0O, 3.6-4.1 0.511 2.3 x 10 5.06 2020 51
Sn0O, 4.3 20 10° 0.65 = 0.02 2020 52
Zn0 - 1.2 10° - 2003 53
Zn0O - 20 2 x10° 1.24 2005 o4
Zn0 3.31 5.25 1.65 x 10° - 2007 55
Zn0 - 11 107 1.78 2013 5
Zn0 - 20.2 107 ~0.4 2015 57
Zn0O - 12.76 108 0.26 2020 58
Zn0 - 2.8 10° - 2020 59
Zn0O 3.34 0.117 10° - 2020 60
IGZO ~3 7 10° - 2004 61
IGZO - 12 108 0.2 2006 62
IGZ0O - 3.3 7 x 107 0.18 2009 63
IGZ0O - 61.5 10° 0.61 2010 64
IGZO - 76 6.7 x 10° 0.129 2013 65
IGZO - 9.1 10° 0.22 2018 66
References
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