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Disentangling transport mechanisms in a correlated oxide by photoinduced charge injection
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We present a novel heterostructured approach to disentangle the mechanism of electrical transport of the
strongly correlated PrNiO3, by placing the nickelate under the photoconductor CdS. This enables the injection
of carriers into PrNiO3 in a controlled way, which can be used to interrogate its intrinsic transport mechanism.
We find a nonvolatile resistance decrease when illuminating the system at temperatures below the PrNiO3

metal-insulator transition. The photoinduced change becomes more volatile as the temperature increases. These
data help understand the intrinsic transport properties of the nickelate-CdS bilayer. Together with data from a
bare PrNiO3 film, we find that the transport mechanism includes a combination of mechanisms, including both
thermal activation and variable range hopping. At low temperatures without photoinduced carriers, the transport
is governed by hopping, while at higher temperatures and intense illumination the activation mechanism becomes
relevant. This work shows a new way to control optically control the low-temperature resistance of PrNiO3.
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The electrical transport of transition metal oxides is of
widespread interest because a single material can display dif-
ferent properties, such as metal-insulator transitions (MITs),
which can be tuned by external perturbations upon slight per-
turbations [1–17]. Because of this tunability, focus is placed
on the microscopic origin of the MITs, believing that un-
derstanding the microscopic mechanism will enable control
of the electronic properties. However, for many systems, the
understanding of the temperature-dependent resistance R(T)
is largely unexplored, ill understood, and frequently not dis-
cussed in the literature. An example of such a material is the
rare-earth nickelates family (RNiO3, R = rare-earth metal),
a quintessential correlated oxide that displays a MIT. Since
the transition is intertwined with magnetic, structural, and
bond order, the origin of this transition has been a topic of
intriguing debate. Ideas range from Fermi surface nesting
[18,19] to a charge or bond disproportionation [20–22] and
others [23]. For R = praseodymium or neodymium, a first-
order MIT occurs with a paramagnetic-to-antiferromagnetic
phase transition at the same temperature [9,24,25]. The tran-
sition exhibits a pronounced thermal hysteresis, typical of
first-order transitions, because of the coexistence of insulat-
ing and metallic phases. Below the hysteresis, the resistance
increases exponentially with decreasing temperature. Despite
this behavior, seen frequently in samples from different re-
search groups [18,26–34], the mechanism of the transport
below the transition remains an open question [19–21,35–
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37]. Yet, interest in tuning the transport in these materials
continues to grow, fueled by potential applications [28,30,38].
Possibly the lack of understanding of the transport is related
to the effect of defects and sample-dependent details that do
not carry over reliably from sample to sample. A methodology
to investigate the transport of a single sample under variable,
controlled conditions would alleviate this difficulty.

Here we outline a method to investigate the transport
properties of PrNiO3 (PNO), comparing transport regimes in
a single sample. We designed a heterostructure that allows
us to inject carriers and thus affect its transport properties
in controlled way [39,40]. We place a thin film of PNO in
proximity to the photoconducting CdS, which acts a source of
photoinduced charge carriers [41]. While PNO does not have
any response to visible light, when the heterostructure is illu-
minated with white light its low-temperature resistance drops
by a factor of ten, allowing one to explore intrinsic transport
properties of the insulating phase of the nickelate. This effect
only manifests below the hysteretic regime of the first-order
MIT, tying its relevance to the intrinsic ground-state properties
of PNO. The phenomenology was explored experimentally as
a function of light intensity, which is proportional to the num-
ber of carriers induced into the nickelate layer. Moreover, the
heterostructure allows exploration of the temporal dynamics
of the carriers, which are found to be long lasting, or non-
volatile, at low temperatures. As the temperature increases and
approaches the hysteresis range, the photoinduced changes
continually become more volatile.

Armed with this set of experimental observations, we
use a model that describes the heterostructure’s temperature-
dependent resistance, with and without the effect of light, as
well the resistance of a bare PNO film. The model combines
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FIG. 1. (a) Experimental setup for the two-terminal (gold electrodes) resistivity and photoconductivity of the CdS-PrNiO3 heterostructure.
During the electrical transport measurements, a white light emitting diode was positioned over the sample. (b) Temperature dependence of the
sample resistance R(T) without light (green line) and with light of 731 mW/cm2 power density turned on (red line). The black dotted curves
correspond to the R(T) measured in warming from 7 K after the LED is turned off. (c) R(T) in the insulating state below 50 K, the temperature
at which the hysteresis curves merge, measured for various light power densities.

thermally activated transport with variable range hopping
(VRH) in the nickelate layer, as in previous models [36,37],
but here we add the mechanism of photoinduced transport.
A single model individually is insufficient, but rather a com-
bination of the two is necessary to explain the data. At low
temperatures and without light, the transport is mostly gov-
erned by hopping, while at high temperatures the thermal
energy enhances the activated transport. The model then as-
sumes that charge carriers migrate from the CdS layer into the
nickelate when the light is turned on. The dependence of the
resistive switching as a function of light intensity implies that
at low intensity, the transport is mostly via hopping, while at
high intensity the transport is mostly activated. In addition, the
model also explains the nonvolatile time dependence at low
temperatures and the volatile response at higher temperatures
by introducing a time-dependent carrier density without any
additional adjustable parameters.

Our method provides a practical tuning knob and insights
into the physics of nickelates. We have developed optoelec-
tronic control of a nickelate’s resistance, which adds to the
list of methodologies used to gain control of the material’s
resistance, such as doping, gating, pressure, and magnetic and
electric fields [9,24,42–45]. This may lead to new multimodal
or hybrid functionalities. In addition, in the specific case of
PNO, we find that the transport is governed by both thermally
activated transport and variable hopping into impurity states
near the bottom of the conduction band. This is consistent
with other models [18,26–28,35–37], but in our case the inter-
play between these two effects can be controlled by injecting
charge carriers into the oxide, which is achieved through an
adjacent photoconducting layer.

The hybrid device [Fig. 1(a)] was fabricated by het-
erostructuring PNO with a photoconducting semiconductor,
CdS. An epitaxial PNO 20-nm-thick film on a single-crystal
NdGaO3 〈101〉 substrate using pulsed laser deposition. On
top of this layer, an 80-nm-thick CdS film was deposited
using rf magnetron sputtering. Two gold (40-nm) electrodes
were patterned on top of the CdS-PNO heterostructures. X-ray
diffraction measurements were performed in a Rigaku Smart-

Lab system at room temperature, confirming the single-phase
epitaxial growth along the 〈101〉 direction for PNO and a
polycrystalline CdS (see Supplemental Material Fig. S1 [46]
for diffraction patterns). Transport measurements were carried
out on a Montana C2 S50, using a Keithley 6221 current
source and a Keithley 2182A nanovoltmeter. A light emitting
diode (LED) with variable power density was placed over the
sample, illuminating its surface [Fig. 1(a)]. In this geometry,
light strongly affected the CdS and subsequently affected the
bottom PNO layer through proximity effects. Since the resis-
tance of bare CdS with light on is 2.5 orders of magnitude
higher than the CdS-PNO bilayer (see Supplemental Material
Fig. S3 [46] for electrical transport measurements), we con-
sider the measured transport is through the nickelate.

Figure 1 summarizes one central finding of our work: the
observation of a light-induced resistive switching in nicke-
lates. Figure. 1(b) shows the changes in the resistance versus
temperature R(T) of the CdS-PNO hybrid when illuminated by
the LED. Without illumination [green curves in Fig. 1(b)], the
CdS-PNO hybrid exhibits a first-order MIT at around 137 K,
as has been commonly observed [31,47–50]. The resistance
shows a change of approximately three orders of magnitude
near the hysteretic phase transition, and has a nonlinear tem-
perature dependence in the insulating state (7 to 50 K). Upon
illumination of the heterostructure with 731 mW/cm2 white
light [red curve in Fig. 1(b)], the 7 K resistance drops by a
factor of approximately ten. The downward shift of the entire
R(T) curve indicates a slight (∼ 6 K) heating by the light.
However, this thermal shift is not large enough to account
for the light-induced change in the low-temperature (7 K)
resistance. The resistance change would be equivalent to a
temperature increase from 7 K to 50 K.

After turning off the white LED [dotted lines in Fig. 1(b)],
the resistance of PNO increases slightly in the insulating state
(7 to 50 K). When heating after turning off the light, the
resistance recovers its original value at around 50 K, which
is where the heating and cooling curves merge. In Fig. 1(c),
we plot R(T) below 50 K for various LED fluences. With
increasing fluence, the resistance decreases until it saturates
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at our maximum power density, which is also evident in the
normalized resistance as a function of power density and in
the current-voltage curves (see Supplemental Material Fig.
S2, inset [46], for power density dependence).

The nonvolatile resistance changes at low temperature de-
scribed next is another key aspect of our work. Figure 2
displays the photoexcited relaxation dynamics of the PNO
resistance in three-time regimes: when the light is off, 0 �
t < tON; when we shine light on the sample, tON � t < tOFF;
and after we turn off the light, t � tOFF, with tON = 81 s and
tOFF = 185 s. We measured the response up to 8 hours after
tOFF. At lowest temperature, resistance drops quickly at tON

to a value of 12% of the original resistance (�RON), but only
recovers to about 40% of its initial state after 8 hours (�ROFF).
The only way to recover the full state of resistance is warming
up the sample above the transition and cycling it back down.
As the temperature increases, the light-induced resistance
drops as a percentage of its initial resistance decreases, but
the recovery ratio between �ROFF and �RON increases. At
50 K, the transient resistance approaches the initial resistance
quickly after the light is turned off, and the effect becomes
volatile. This is represented in Fig. 2(c), where we plot the
recovery percentage, which can be thought of as the volatility,
as a function of temperature. The light-induced volatility is
highest at high temperatures and becomes more nonvolatile as
the temperature is lowered.

To interpret our data, we consider different models that
must explain three aspects of our experimental observations
(see Fig. 3). These aspects are (i) the intrinsic exponen-
tial R(T) behavior of PNO below the hysteresis regime, i.e.,
without the effect of light; (ii) the changes in R(T) upon
illumination, when charge carriers migrate across the interface
between CdS and PNO; and (iii) the temporal dependence
of the switching behavior. In addition, we consider the R(T)
behavior of pure PNO, which has subtle differences compared
to the heterostructure above 10 K. We also incorporate the
layered architecture of the device by including the contribu-
tion of the CdS-PNO interface and the PNO resistance in a
parallel configuration. The pure CdS resistance is not consid-
ered because it is one order of magnitude higher than PNO.
A comparison between the pure PNO layer and CdS-PNO
without light confirms the role of the CdS-PNO interface
resistance even in the absence of light (Supplemental Material
Fig. S4 [46] for the resistance of pure PNO).

First, we attempt to fit the data with and without light
on a bare PNO film using an Arrhenius model of thermally
activated transport across a gap. This yields an exponential
dependence on temperature, parametrized by the activation
gap Ea, written in logarithmic-scale as

log (R) = log (R0) + Ea

kBT
. (1)

While this model does not yield a good fit for the intrinsic
R(T), it fits increasingly better to the illuminated R(T) curves
with increasing power density [Fig. 3(a)]. Thus, we postulate
that activation physics play a role in the photoinduced
transport, but an additional mechanism is involved. Next, we
evaluate variable range hopping, i.e., Mott’s law, to fit the
intrinsic R(T) [(Fig. 3(b) ]. In this model, at low temperatures,
phonon-assisted tunneling of localized electrons leads to

FIG. 2. (a) Time dependence of the resistance normalized to the
initial insulating state before illumination taken at different temper-
atures: 7 K, 15 K, 30 K, 40 K, and 50 K. At t = tON = 81 s, the
sample is illuminated, and the light is turned off at tOFF = 185 s. The
dashed black line is the fit from our model. (b) The resistance curves
plotted over the span of 8 hours. (c) The ratio of resistance percentage
drop when the light is turned on over the recovery percentage after
the light is turned off, plotted as a function of temperature for the
experimental data (green) and the model (blue).

hopping conduction. As a consequence, a constant density
of states close to the highest occupied energy level EHO

produces a temperature-dependent hopping length, henceforth
called variable range hopping. Inspired by this model, we
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FIG. 3. The experimental R(t) curves at various light power densities plotted as ln(R) as a function of 1/T for comparison to (a) the activated
Arrhenius power law, (b) Mott’s law, and (c) our phenomenological model that combines the previous two mechanisms. In the lower row, band
diagrams for PNO pictorially show the effect of (d) thermal activation, (e) the Mott hopping mechanism, and (f) the photo-induced changes
upon carriers entering the PNO from the CdS, shown as an adjacent band diagram. Here EHO is the highest occupied energy level, EA is the
activation gap, CB is the conduction band, kB is Boltzmann’s constant, and EG is the gap of CdS. Solid red circles are electrons and empty
dotted red circles are holes

conjecture that the conduction results from hopping between
shallow impurity states close to the conduction band edge
(EHO − �, EHO), with � the band width below EHO (see
Fig. 3(e)]. The logarithmic resistance is given by [51,52]

log(R) = log(R0) +
(

TMott

T

)1/4

, (2)

with TMott = β

kBg(EHO )a3 , also referred to as the “Mott temper-
ature” (for more details, see Supplemental Material [46] for
conduction models). Intuitively, TMott is given by the hopping
energy scale [52]. In order to avoid assumptions on the fitting
parameters’ dependence on increasing power, we assume
that the Mott temperature is independent of light power. In
this case, the fit is much better for the intrinsic R(T), but
starts to deviate substantially as the light power is increased
[Fig. 3(b)]. Thus, the transport in the low-power regime of
our measurements is mostly governed by hopping, while
the high-power regime is dominated by thermal activation.
When the temperature increases, we find that the Arrhenius
fit degrades while the Mott law improves, suggesting that the
hopping energy is greater than the thermal activation energy.
For completeness, we checked different VRH models like
Efros-Shklovskii and d-dimensional [53], but Mott’s law is
the best fitting model (see Supplemental Material Fig. S7 for
conduction model fitting comparison [46]).

Inspired by the previous observations, we introduce a phe-
nomenological model that connects continuously the intrinsic
and highly photodoped conductance regimes at all tempera-
tures. We propose that the resistivity is given by

log (R) = log (R0) + �(�) − Ea

kBT
+

(
TMott (�)

T

)1/4

. (3)

The previous expression results from combining Eqs. (1) and
(2), except for the inclusion of the band width �, which
arises from considering the CdS-PNO interface effect without
light. Therefore, Eq. (3) accounts for the whole range of light
intensity used in our experiments. The essential feature of this
model is that the band width � over which hopping occurs
and TMott both depend on the power density �, as follows. As
the photoinduced carriers entering the nickelate layer from the
CdS fill up the states near the PNO EHO, there are less impurity
levels available near EHO. This effectively reduces the band-
width over which the VRH model requires the Fermi surface
to have a constant density of states [see the red arrows in
Fig. 3(f)]. Thus, the effective activation energy is �(�) − Ea.

The result of these fits is shown in Fig. 3(c), reveal-
ing excellent agreement at all values of the power density
across all temperatures. The values of the fitting parame-
ters are presented in Table I, showing good agreement with
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TABLE I. Fitting parameters for the photodoped Mott model.

�(�) − Ea kBTMott (�)
Power Density �(mW/cm2) log(R0 ) Ea (meV) (meV) (meV)

0.0 7.3 1.03 −0.29 658.59
31.1 8.9 0.56 0.15 26.81
117 10.38 0.25 0.25 10−5

731 10.28 0.01 0.02 10−5

previous work [35,36,54,55]. Further, a quantitative compar-
ison between different fitting models corroborated that our
model exhibits the lowest mean squared error. Now we expand
the model to study the relaxation process of the photoexcited
PNO transport, where the time dependence appears naturally
without any adjustable parameters. First, we consider the role
of the density of charge carriers. In thermal equilibrium, the
density of carriers is given by N = nHOe−(EC−EHO )/kBT , where
EC is the conduction band energy, and nHO the carrier density
[56]. Using EC − EHO = Ea−� [Fig. 3(f)] and the approx-
imation EC − EHO < kBT , we obtain a normalized carrier
density given by

n = N − nHO

nHO
= � − Ea

kBT
. (4)

Then, the resistance depends on the carrier density n as fol-
lows,

log (R) = log (R0) + n +
(

TMott (�)

T

)1/4

, (5)

where a continuity condition governs the temporal dynamics
of n,

dn

dt
= ni(�) − n

τ
, (6)

where ni(�) is the initial PNO carrier concentration and τ

is the relaxation time (see Supplemental Material equation
S7 [46] for relaxation time). The resulting dynamics of the
normalized resistance are plotted in Fig. 2 as dotted lines,
showing remarkable agreement at the onset of the photoin-
duced switching, and good agreement when the light is turned
off. Importantly, our model does not require any additional
parameters to yield these fits. In addition, it captures the
photoinduced effect’s varying volatility as a function of tem-
perature very well [Fig. 2(c)].

The phenomenological model can then be interpreted as
follows. Electronic conduction in systems with an inhomoge-
neous distribution of donor levels below the conduction band
is dominated by thermal excitation and hopping. The former
occurs as thermally activated electrons jump to the conduc-
tion band (yielding the Arrhenius law), provided that thermal
energy surpasses the activation energy. The latter is due to the
electron hopping from occupied to empty donor sites. Further
assumptions on the distribution of donor states gives rise to a
broad range of variable range hopping models. We focus on
Mott’s law, which assumes that electron conduction is due to
hopping between localized and uncorrelated electrons lying
in a narrow, constant density-of-states band around the Fermi
level.

Typically, in doped semiconductors, these two mechanisms
are mutually exclusive, since the activation energy is much
greater than hopping energy barrier. However, we found that
in PNO, the mechanisms of thermal activation and electron
hopping coexist because in PNO the activation energy and the
hopping energy scales are similar. Furthermore, they can si-
multaneously be modified by photodoping since the injection
of carriers alters the width of the band and shifts the Fermi
level itself. From this, we estimate a lower threshold of the
penetration depth of these photo-induced carriers, based on
the idea that the transport is only feasible when the penetration
depth approximates the hopping length, which we estimate at
5 nm using intrinsic parameters of PNO (see Supplemental
Material [46] for hopping length details). In other words, since
impurity state disorder restricts the conduction of carriers that
manage to reach impurity sites, only when the dopants pene-
trate beyond 5 nm will they activate the transport via hopping.
At low power levels (low photoinduced carrier density), the
activation gap is much higher that the low (<10 K) temper-
ature kT impeding activated transport. Thus, in this regime,
the transport follows Mott’s law. For T > 10 K, the acti-
vated and hopping mechanisms coexist. We also note that our
model of intrinsic R(T) at higher temperatures improves on
the Mott’s law fit, comparing Fig. 3(b) and 3(c) at low values
of 1/T. The Arrhenius laws becomes more relevant at higher
temperatures. Also, at high power values (high photoinduced
carrier density), EA is much lower than kT throughout the
whole insulating temperature regime, thus governing the ac-
tivated transport. In the intermediate regimes of temperature
and light power, both mechanisms contribute. As it pertains
to the time relaxation, the volatility increases with tempera-
ture because the thermally activated transport is more volatile
than the band structure changes that occur in the hopping
regime. The changes in the band structure are more difficult
to erase once the impurity states have been filled, and thus
the behavior is nonvolatile when governed by hopping. Since
the fit parameters obtained in our model are in good agree-
ment with other similar works [35,36,54,55], we can conclude
that the model based on the competition between thermal
activation and variable range hopping is universal among
nickelates.

In summary, we have developed an experimental approach
to modify the resistive properties of a nickelate thin film by
placing it in proximity to a photoconductor such as CdS. This
approach yields a reduction in the low-temperature resistance
by a factor of ten when the heterostructure is illuminated
by white light. The effect is only visible below the onset of
the first-order metal-to-insulator transition of the nickelate.
At low temperatures, the changes are permanent, which may
allow this concept to be used in technological applications
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that require the encoding of memory, such as in neuromor-
phic devices with synaptic plasticity based on hydrogenated
nickelates [57]. The volatility of the resistive changes in-
creases as the temperature increases. To explain these data, we
use a model that combines two types of transport mechanisms:
thermal activation and variable range hopping. Importantly,
the model captures the resistance-versus-temperature depen-
dencies very accurately below the transition, as well as the
relaxation dynamics upon switching the light on and off
without any further adjustable parameters. In addition, the

photoinduced method presented here may also be applied to
other oxides to develop new, useful optoelectronic functional-
ities.
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