Supplementary Note 1: Space charge doping of the 1 u.c. BSCCO-2212 device
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Supplementary figure 1: Space charge doping dynamics. a, Sheet resistance (green line,
left axis) of the 1 u.c. BSCCO-device as a function of doping time. Temperature (red line, right
axis) is increase up to 340-345 K and then decreased when the process is quenched. b, Applied

gate voltage (blue line, left axis) and measured gate current (orange line, right axis).

In Supplementary figure 1, the dynamics of the space charge doping technique is de-
scribed by considering as example the 1 u.c. BSCCO-2212 device. The graph reports the
behavior over time of the quantities involved in the doping process: Vi (gate voltage), T
(temperature) Rg (sheet resistance) and I (gate current). Vi and T are the doping parame-
ters, whereas Rg and I are the two quantities monitored during the doping process. At the
beginning a negative voltage of -150 V is applied with the purpose of p-doping the sample.
The doping process is highlighted with the orange area and begins once the temperature
is sufficiently high to activate the Na®™ mobility within the glass (T ~ 315-320 K), as is
possible to notice by the downward deviation of Rg(T) from its linear strange metal behav-
ior. Once the temperature is stabilized at Ty (340-350 K), further and faster decrease in
Rs(T) is achieved by increasing Vi;. When the desired value of Rg(T) is reached the process
is quenched by cooling the systems thus freezing the space charge in the proximity of the

glass-material interface [1, 2].The high gate voltage used is due both to the high viscosity of
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ions in hot glass and to the thickness of the glass dielectric substrate (0.5 mm). Estimating
charge transfer by integrating the gate current would be useful but is not currently possible

because of experimental constraints.

Supplementary Note 2: Hall measurements
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Supplementary figure 2: Hall measurements. a, Temperature dependence of the Hall
coefficient Ry for different doping levels tuned by external gate voltage V. b, Transverse anti-
symmetrized resistance Ry, as a function of magnetic field at 7' = 120 K. Colors correspond in the

figures to the same doping level

We performed Hall measurements at different temperatures in order to confirm the
anomalous dependence on temperature of the Hall coefficient Ry ([3, 4]) in our BSCCO-
2212 thin films, as reported in the literature [5]. In supplementary figure 2a the Ry vs T'
curves corresponding to different doping levels are shown. The maximum of Ry (T) is found
at T' = 120 K, and we consider these values of Ry to estimate the carrier density after
each doping performed. Supplementary figure 2b shows the anti-symmetrized transverse

resistance Ry, as a function of applied magnetic field B at T' = 120 K.
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Supplementary Note 3: Reversibility of the doping process
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Supplementary figure 3: Reversibility of the doping method a, Sheet resistance vs
temperature characteristics of sample B, where carrier density is modulated in a non monotonic
fashion trough space charge doping method by applying positive (blue arrows) and negative voltages
(red arrows) Vi . b, Tc (upper panel) and the slopes Ax (lower panel) of the linear part of Rg(T)

at the several doping levels

In supplementary figure 3 we show an example of reversible modulation of the carrier
density across the phase diagram. Supplementary figure 3a shows a sequence of measure-
ment from initial doping (0) to a final doping (5). Supplementary figure 3b highlights the
reversibility of the doping process by plotting T, and the slope of the linear part of the resis-
tivity curve as a function of doping. The doping was changed in a non-monotonic manner.
The coherence and monotonic nature of these quantities again validates the reversibility of
the process. Similar measurements of reversibility have been obtained on graphene ([2]) or
MoS, ([1]) among others. We have not observed any electrochemical character to date on

any sample Oor measurement.

Supplementary Note 4: Sample fabrication and storage

The samples are exposed to moderately hot temperatures during the fabrication process

and eventually during the contact deposition process. We strive to reduce this temperature



as much as possible to avoid oxygen loss and sample degradation. After fabrication samples
are stored in primary vacuum. Samples and devices A, B and D have been fabricated 2-4
days prior to insertion in high vacuum for measurement ( 107% mbar). Sample C, which had
to be stored for a month in primary vacuum, suffered an initial T, degradation, probably

due to oxygen loss.

Supplementary Note 5: Determination of the characteristic temperatures
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Supplementary figure 4: Extraction of the characteristic temperatures. a, c First
order derivative of Rg(T) versus T for an underdoped and overdoped sample respectively. T*
(blue dot) and Ty, (red dot) are found as the intersection between high temperature strange metal
behavior (orange dashed lines) and the low temperature normal states (green dashed lines). b, d,
Sheet resistance versus temperature curves corresponding to a, c. 1™, Ty, determined as described
in a, ¢ coincide with the deflection and inflection points of low temperature normal states (green

lines) with respect high temperature strange metal behavior (orange lines) respectively.



The extraction of 7™ and T,, with the method explained in the main text was confirmed
by analyzing the first order derivative curves dRgs/dT [6, 7]. In the dRs/dT versus T plot,
T* and Ty, are determined as the upward and downward deviation of dRs/dT from its high
temperature constant value (strange metal phase), whether the sample is underdoped or

overdoped respectively as shown in supplementary figure 4.

Supplementary Note 6: Screening length for electrostatic doping

Some estimations concerning screening length in cuprates for electrostatic doping do
exist. Supplementary references [8, 9] indicate that in LSCO the screening length is sub nm,
whereas references [10, 11] indicate that in YBCO it is of the order of 1-1.5 nm, and that
it could be twice as much in BSCCO. Our data on BSCCO is in good agreement with this
estimation because sample A which is 2.5 nm thick shows a small discrepancy in the Hall
coefficient estimated doping value. If a gradient in doping exists, it would show up in the

superconducting transition width and it is indeed seen only in sample A.
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