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Light-induced current in Cooper
pair insulators in NbTiN films

Alexey Mironov?* & Valerii Vinokur?**

The usual macroscopic Cooper pairs systems, the superconductors, very weakly interact with the
visible light since self-existing superconducting currents screen the light penetration into the samples.
However, the superinsulators whose superinsulating behavior is caused by localization of Cooper pairs
demonstrate significant interaction with light. As a result, superinsulating films, in particular, the
NbTiN films, offer a remarkable and unique platform for constructing high sensitivity light detector
working at superlow millikelvin temperatures. Irradiating the NbTiN film with a visible light when the
filmis in the insulating state results in the emergence of a measurable current through this NbTiN-
based insulator. It was found that this light-induced current depends on the radiation intensity and
thus opens an opportunity for high precision measurements of the light intensity. The induced current
disappears with an increase of temperature and light wavelength.
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Macroscopic systems containing Cooper pairs, the superconductors, usually weakly react to external light
radiation, since the reaction of the normal carriers to the light, for which the destruction of Cooper pairs is
necessary, is shunted by superconducting currents. The superinsulating films!~, that are the novel systems
containing Coper pairs, are an excellent object opening opportunities for studying the interaction of Cooper
pairs with the light because the light-induced destruction of Cooper pairs in superinsulators leads to several
easily observable effects. Most important effect is the appearance of charge carriers above the energy gap, which
allows a non-zero current to flow even through the samples with an immeasurably large resistance. This results in
the formation of a conducting layer, which significantly changes the non-linear transport in the superinsulator.

The superinsulating state forms at ultra-low temperatures in the vicinity of the well-studied superconductor-
insulator transition (SIT)!~'%. One of the observed characteristics of the superinsulating state is the hyperactivation
temperature dependences of the resistance of films located near the superconductor-insulator transition!~3. It
was found that both these states, insulating and superinsulating, are characterized by a critical magnetic field
Be: and a threshold voltage Vi1, above which insulator becomes a metal. Also, in superinsulating films, a critical
transition temperature in thin TiN and NbTiN films was observed to be the Berezinskii-Kosterlitz-Thouless
charge transition temperature, TexT. Recently, it was found that the destruction of the superinsulating state
under the influence of a voltage greater than Viy, i. e. the appearance of a measurable current, occurs in a time of
about several microseconds®*?!. It is assumed that in both, the insulating and superinsulating states, an energy
gap in the density of states is formed, which is reminiscent to the emergence of such a gap in conventional
insulators and semiconductors. In this case, the Cooper pairs, due to emerging of which the formation of this
gap does occur, are localized and cannot transfer charge. Basing on these observations, one can expect the
emergence of free charge carriers under the influence of an external radiation both due to the transfer of normal
electrons to the conduction band and due to the destruction of Cooper pairs. Our paper presents for the first
time the results of such an experimental study of the response of the superinsulating Nbg.¢7Ti0.33N film to a
constant laser radiation in the optically visible range.

Samples

We execute the experimental study of the Nbo.¢7Tio.33N films grown by an atomic layer deposition at a
temperature of 350°C. Details of the film production are given in'®. The film thicknesses were decreased from
d =10 nmto d = 8 — 9 nm by plasma etching. As we shown previously this is critical thickness for realization
disorder driven superconductor-insulator transition at low temperatures'>. The low-temperature properties of
the films are studied in the samples fabricated by a photolithography in the form of Hall bridges that are 50 ym
wide. The distance between the voltage contacts is 450 pm, the distance between the current contacts is 2.5 mm.
Low-temperature experiments are carried out in a 3He/*He dilution cryostat. To measure the resistance of the
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fabricated structure, a two-point connection scheme is used at an alternating voltage of V' =~ 100 pV having a
low frequency of about f = 1 Hz with using lock-in amplifier SR830. The number of squares between current
contacts is determined by comparing the measurements of the temperature dependence of resistance using the
two-point and four-point schemes in the temperature range of 4.2 - 77 K. In this temperature range, the sheet
resistance does not depend on the distance between the contacts. The four-point measurement scheme used
voltage contacts with a distance of 450 jzm between them (film wide is 50 zzm). Figure 1 shows the temperature
dependence of the resistance per square for the chosen NbTiN films. All films show insulating behavior of the
resistance below 3 K. Analysis of the current-voltage dependencies shows that at temperatures below 150 mK, a
superinsulating state with a threshold behavior of the current-voltage dependencies is in all samples. Note that
threshold voltage increased with increasing disorder of sample from 90 mV to 4 V. Simultaneously, the voltage
induced transition from the superinsulating to the normal state is blurred (see'®). To determine the response
to the radiation, a uniform illumination of the sample obtained with lasers with wavelengths of 457, 514, and
850 nm is used. Homogeneous illumination was ensured by scattering the laser beam on a metal reflector.
The current arising in the circuit is measured using a low-noise SR570 preamplifier and an Agilent 34420a
nanovoltmeter, to check the measurement results was used Keithley SourceMeter 6430. In addition, an analysis
is made of the effect of a contact resistance at the point of soldering the contacts using indium contact on the
superinsulator. For this purpose, a control superinsulating samples were manufacture. In a superconducting
film using an electron-beam lithography and plasma-chemical etching we create local area with small thickness,
where superinsulating state is appear. Thus, the contacts were soldered using indium to the superconducting
film, which seamlessly transitioned into the superinsulator. Measurements of superinsulators created in this way
showed no differences between their properties and the properties of superinsulators without superconducting
contacts. So, we found that properties of superinsulator do not depend on type of contacts.

Results

At the first stage of the experiment, we consider the evolution of the superinsulating state under the action of an
external radiation with a wavelength corresponding to visible light. In particular, Figs. 2 and 3 show the current-
voltage characteristics for two different type of superinsulator measured at a temperature of 20 mK and different
radiation levels. The main difference between these two types of superinsulators is the threshold behavior of
the current-voltage dependences. Superinsulators with a low degree of disorder demonstrate a sharp threshold
behavior, while in superinsulators with a high degree of disorder, a smooth threshold behavior of the current-
voltage dependences is observed. In both cases, a change in the behavior of the current-voltage dependences
from a power law to a linear one with increasing light power is observed, which is characteristic of the BKT
charge transition. Note that 1 nW of power at the input to the cryostat approximately corresponds to 10 photons
per second per sample area. The assessment is carried out using a semiconductor detector. Let’s start with a first
type of superinsulator with a low degree of disorder (see Fig. 3a). An increase in the radiation power from 0 to
1 W leads to a decrease in the threshold voltage. In the power range of 1-4 W, a change in the nature of the
current-voltage characteristics at voltages below the threshold from a power to a linear one is observed. Then, at
a light power level of 128-256 11W, the threshold behavior is suppressed and the current-voltage characteristics
of insulators appear. A subsequent increase in the light power leads to an increase in the film conductivity
and then to the destruction of the insulator state, which is expressed in the linearization of the current-voltage
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Fig. 1. Temperature dependence of the resistance of the NbTiN film under study in Arrhenius coordinates.
The inset shows the sample and the measurement scheme.

Scientific Reports |

(2025) 15:41074 | https://doi.org/10.1038/s41598-025-24907-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0nW
—1nW

2nW
/ 4 nW
/ 7/ ——8nW

/ ——16nW
/ / ——32nW

7 —— 64 nW
—— 128 nW
> / 4 |[——256nw
512 nW

1uW

/ 2 uW

/ / 4w

b 8 uWw
i // ) 16 pW
/ 32 W
64 uW

/ 4 128 pW
256 pW
512 pW
1mw
1.4 mwW
T 2mW
2.6 mW
—3.1mW
4 mw
| 55mW

(&)
1
1-1(0) (A)

0 200y 400y 600y 800 1m

time (s)

I-1(0) (nA)

0.00 0.02 0.04 0.08 0.10
Voltage(V)

Fig. 2. Current-voltage characteristics of sample I1 at a temperature of 20 mK under illumination with light

of a wavelength of 850 nm of different power levels. At a light power level above 4 mW, the current-voltage
characteristics become linear, which corresponds to the destruction of the insulating state. The inset shows the
time process of destruction/restoration of the superinsulator state under the action of radiation with a power of
1 mW. I(0) is current at zero-voltage.

characteristics. Increasing disorder to a value at which the type of superinsulator changes to the second does
not lead to a qualitative change in the evolution of current-voltage characteristics (see Fig. 3b). At the same
time, the threshold values of light power necessary for the destruction of the superinsulating state decrease
with an increase in the degree of disorder of the superinsulator. At first glance this behavior is similar to the
temperature destruction of a Cooper insulator. However, the destruction/restoration time of the superinsulator
and insulator states under the action of light appears to be about 40-50 s, see the inset in Fig. 2, which is over
several orders of magnitude less than the destruction/restoration time of the superinsulator state under the
action of temperature and an order of magnitude greater than the destruction time of the superinsulator state by
an electric field, observed earlier?®2!. In addition, there is a significant difference in the behavior of the current-
voltage dependences at temperatures near the BKT transition and under the influence of light. Moreover, special
measurements have shown that the temperature of the sample under the influence of light exceeds 200 mK at
radiation power levels above 128 W, which is almost two orders of magnitude higher than the radiation power
required to destroy the superinsulating state. For clarity, we have added symbols to Fig. 3 showing the behavior
of the current-voltage dependence near the BKT transition by temperature. It is evident that, unlike the light-
induced BKT transition, the temperature transition occurs simultaneously with the blurring of the threshold
behavior of the current-voltage dependence. Apparently, this is due to the fact that the superinsulating state is
destroyed in a thin layer near the film surface, which leads to the linearization of the measured current-voltage
dependence, despite the fact that most of the sample remains superinsulating.

Thus, it can be assumed that under the action of light not only the destruction of the coherent state of
localized Cooper pairs occurs, but also the destruction of the Cooper pairs themselves.

In the next series of experiments, no voltage sources connected to the sample are used, and the sample is
cooled to a temperature of 20 mK. It is found that switching on external radiation resulted in a measurable
current flow. When the radiation is switched off, the current returns to its initial value, see Fig. 4, which do
not change over time. Increasing the radiation intensity , i.e., power, to 4 mW resulted in an increase in the
amplitude of the current flowing through the system. Analysis of the obtained dependence of the current on the
power shows that the current= depends on the radiation power in a power-law manner (see Fig. 5). Moreover,
the exponent changes at an intensity above 256 tW. At the same time, an extended region of current relaxation
appears in the current dependence on time after switching off the illumination. The length of this region
increases with increasing light power. Similar power-law dependences of the photocurrent on the radiation
intensity were observed, for example, in topological insulators?2. With an increase in the radiation power above
4 mW, the current growth stops and, moreover, with prolonged irradiation, a sharp decrease in the current value
occurred down to negative values. In other words, the current changes its direction. Note that this corresponds
to the region of light power, at which the linearization of the current-voltage dependencies occurs. The analysis
of the current-voltage dependencies shows that at a radiation power above 256 mW, the sample begins to heat
up. Apparently, this heating first leads to a change in the exponent in the dependence of the current on the light
intensity, and then, upon reaching the destruction temperatures of the Cooper insulator, to a decrease in the
current up to the appearance of its negative values. Note that prolonged illumination of the sample with light
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Fig. 3. Current-voltage characteristics in a double logarithmic scale at a temperature of 20 mK under
illumination with light of a wavelength of 850 nm of different power levels for two different type of
superinsulator. Symbols are shown current-voltage dependencies at temperatures near Tsxt without light. The
solid straight lines show the calculated power dependences of current on voltage with different exponents. I(0)
is current at zero-voltage. (a) Superinsulator with sharp threshold behavior. At a light power level of 1-4 W,

a change in the nature of the current-voltage characteristics at voltages below the threshold from a power to a
linear one is observed. At a light power level of 128-256 W, suppression of the threshold behavior is observed.
(b) Superinsulator with soft threshold behavior. At a light power level of 0.5-1 W, a change in the nature of
the current-voltage characteristics at voltages below the threshold from a power to a linear one is observed.

with a power level above the critical one ultimately leads to the zeroing of the observed current. At the same
time, since the process of heating the sample takes much more time than the generation of charge carriers, then
immediately after turning on the light at any values of its intensity, we first observe a positive current value,
which then decreases within a few minutes. Note that increasing the disorder in the film, i.e. moving it away from
the disorder driven superconductor-insulator transition, leads to a decrease of the light-induced current. This
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Fig. 4. Current flowing through an NbTiN insulator film at 20 mK induced by 850 nm light pulses for sample
I4. Data are shown on a logarithmic scale.
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Fig. 5. Current through six NbTiN insulator films at 20 mK induced by light pulses. For samples 11, 12, 14, I5,
16 are shown only at wavelength 850 nm. For sample I3 are shown at wavelengths 457, 514, and 850 nm. Solid
lines are shown change in the exponent in power dependence of induced current from light power.

agrees well with the model of Cooper pair destruction, since the farther the film is from the superconductor-
insulator transition, the fewer Cooper pairs it contains.
These results pose the following questions:

1. Isthe observed current really the current flowing through the sample, or is there only a light induced electric
field in the system, which generates the current flowing through the internal resistor of the current amplifier
and the charging capacitor? To answer this question, we carry out comparative measurements over a long
period of time at sensitivities of 10~® and 10™? of the current amplifier, corresponding to resistors of 10 k{2
and 1 MS2, respectively, see SI figure 1. The obtained current values do not differ and do not change over
time with an accuracy of up to the noise of the circuit, which indicates that the direct current flows directly
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through the sample, meaning that the sample does not work as a capacitor. This is also consistent with the
destruction of the superinsulating state under the influence of light as shown in the Fig. 2.

2. The next fundamental question is: What does the direction of the current depend on? To determine the
parameters that define the direction of the current, the comparative measurements are carried out with dif-
ferent contact arrangements, as well as with the inclusion of additional voltage sources, the voltages of which
exceeds the parasitic voltages in the measuring circuit. Experiments show that the direction of the photocur-
rent is determined only by the location of the contacts and does not depend on the external voltage sources,
see SI figure 2. Thus, the direction of the photocurrent is apparently determined by the internal structure of
the studied film.

3. And the final fundamental question is: Is the photocurrent a property of the film or it arises due to the
contaminants on its surface? To resolve this problem, a series of experiments are conducted with the intro-
duction of a number of the contaminants. These experiments show that the surface contaminants lead to a
weakening of the photocurrent with a simultaneous increase in the overheating of the system under study,
see SI figure 3.

As anext step, we investigate the evolution of the photocurrent with a change in the wavelength of light. A decrease
of the radiation wavelength to 457 nm does not cause qualitative changes in the current-voltage dependences and
photocurrent, while a quantitative comparison is hard due to an unclear dependence of the reflection/absorption
coefficients of the NbTiN film on the light wavelength (see Fig. 5). If the value of the cryostat heating by the
light radiation is used as a normalizing parameter, the photocurrent value and characteristic threshold values
of light power turn out to be practically independent of the wavelength in the range from 457 to 850 nm. When
using nearly infrared radiation with a wavelength of more than 2000 nm, no photocurrent was recorded at any
radiation power levels that do not lead to physical heating of the system. The destruction of the superinsulating
and insulating states with an increase in the infrared radiation power coincided with the temperature heating of
the system. Thus, the photocurrent is apparently associated with the destruction of Cooper pairs, and not with
the transition of normal electrons through the energy gap. In this case, the energy of the forbidden band formed
by localized Cooper pairs does not exceed 0.6 eV.

Anincrease of temperature in the range 0f 0.02-0.4 K does not lead to a sufficient decrease in the photocurrent.
Then, at temperatures above 0.4 K, the photocurrent decreases until it practically disappears at temperatures
above 1 K. Note that by a decrease in the photocurrent we mean both its decrease at a fixed radiation power and
the maximum possible photocurrent in the system. In addition, with an increase in temperature, a decrease in the
value of the light power is observed, corresponding to the maximum photocurrent. In the Fig. 6 which represents
a limiting case, the photocurrent is shown at different levels of visible light power at a temperature of 1.2 K.
When the light is turned on, the short-term current surges are observed, indicating some processes occurring in
the system. However, a measurable current with a negative amplitude is observed only at light powers less than
4 W, which agrees well with the practically linear form of the current-voltage dependence at such temperatures
and the previous results in Fig. 3. Also, such a behavior is well explained within the framework of the hypothesis
about the connection of photocurrent with the destruction of Cooper pairs by photons of the visible spectrum,
in the case when the heterogeneity arising in the system is associated precisely with the heterogeneity of the
superconducting gap, and not with structural heterogeneities in the sample. For a better understanding of the
processes occurring, it is necessary to create and study superinsulators with controlled heterogeneity.

Conclusion

Our experiments established that the irradiation of strongly disordered NbTiN films with scattered coherent
light of the visible spectrum leads to the appearance of a photovoltaic effect at temperatures corresponding to the
appearance of a superinsulator state and an insulator state with Cooper pairing. That is, to the flow of measurable
current even in the presence of a superinsulating phase. A sharp change in the nature of the photocurrent outside
the region of existence of an insulator with Cooper pairing is demonstrated. It is shown that an increase in
the radiation power leads to the destruction of both, the superinsulating and insulating states. An assumption
is made about the causality of these effects by the presence of localized Cooper pairs in the system and their
destruction under the action of light of the visible spectrum. An estimate is made of the global forbidden energy
band caused by the localization and synchronization of Cooper pairs.

Scientific Reports |

(2025) 15:41074 | https://doi.org/10.1038/s41598-025-24907-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Induced current (pA)

Induced current (pA)
o
T
4
%
P

DR temperature (K) .
50 T \ T I \

'40 T T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Fig. 6. (a) Temperature dependence of current induced by 850 nm light pulses. (b) Current through an NbTiN
insulator film at 1.2 K induced by 850 nm light pulses. Data are shown on a linear scale.
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The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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