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Optical manipulation of localized electron transport in disordered chromium nitride
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Localization of quasiparticles in disordered and amorphous environments is one of the most intriguing
phenomena of condensed matter physics. Thus far, temperature-induced inelastic scattering and magnetic
field-induced time-reversal symmetry breaking are the widely known methods to manipulate electron localization
in materials. Here, we show conclusive experimental evidence of the photoinduced manipulation of localized
electron transport in a prototype-disordered system, chromium nitride (CrN). We inspect this phenomenon
by establishing a strong correlation between the temperature-dependent photoconductivity response and the
electronic state of CrN. In metallic CrN, the photoresponse is consistently negative, while in semiconducting
films, it is positive. However, CrN films exhibiting localized electronic transport at low temperatures exhibit a
positive-to-negative photoresponse transition with increasing light intensity. This behavior signifies a localized
to metal-like delocalized electronic transition, which we explained through the light-induced breakdown of
electron phase coherence responsible for the electron localization and the recharging of traps upon high-intensity
photoirradiation mechanisms. Our results illustrate the optical manipulation of electron localization and hold

great potential for achieving on-demand localization control for adaptive device applications.

DOI: 10.1103/PhysRevB.111.085302

I. INTRODUCTION

The quantum self-interference of noninteracting particles
in a disordered environment constitutes some of the most
intriguing phenomena in condensed matter physics [1-4]. One
of the most striking outcomes of self-interference is the local-
ization of carriers (electrons, phonons, exciton, polariton, etc.)
that leads to an absence of diffusion in disordered or amor-
phous semiconductors and bad metallic systems [5-8]. The
strength of the localization strongly depends on the disorder or
randomness density. Materials with low structural and topo-
logical disorder exhibit weak electron localization, whereas
when the disorders become sufficiently large, it induces strong
electron localization, known as the Anderson localization.
Ever since the initial discovery by Anderson [1], electronic
localization has attracted significant interest in the quest to un-
derstand not only the fundamental physics of carrier transport
in disordered materials, but also their applications in many
device technologies [9-14].

Traditionally, electron localization in materials has been
tuned with temperature-induced inelastic scattering and ex-
ternally applied magnetic fields [15-18]. In the localized
transport regime, an increase in the system temperature
leads to enhanced electron-phonon scattering, which induces
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decoherence and destroys the localization [19,20]. As a
result, electron localization fades away at higher temper-
atures. In addition, magnetic field or magnetic impurities
[16,21] also dismantle the localization phenomenon by break-
ing the time-reversal symmetry that quenches the coherent
backscattering of the electrons. Though the two methods
mentioned above are used extensively to study electron lo-
calization, the development of other readily available external
variables that can tune and control electron localization
would greatly help both in fundamental physical studies
and on-demand localization control for reconfigurable device
applications. Numerous device technologies like electropho-
tographic copiers, liquid crystal displays, bistable memory,
memristors, optical disks, photonics, and thin-film transistors
rely on disordered/amorphous semiconductors where the de-
vice performance is influenced by the level of disorder. For
instance, the quantum efficiency and longevity of InGaN/GaN
light-emitting diode devices are significantly affected by the
degrees of disorder in the system [22]. Implementing localiza-
tion control provides tunable electrical conductivity, allowing
on-demand modulation of performance in these devices.
Optical illumination is one of the most well-established
and widely used external variables to tune the physical proper-
ties of materials. Photosensitive materials are heavily used in
practical device implementations such as photodiodes, pho-
totransistors, photoinduced metal-insulator phase transition
[23-29], photochromic smart windows, etc. Though high-
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intensity photon pulses in the form of lasers have been used
extensively to understand the dynamics and relaxation of
electrons in many classes of materials [30,31], not much
attention has been devoted to understanding and tuning elec-
tron localization with light. However, recent research has
shown that in the presence of strong exciton-phonon cou-
pling in organic semiconductors, the excitons can access the
higher-lying delocalized states for a short time, which al-
lows them to transport over a large distance [32-34]. Such
phonon-mediated transient delocalization phenomenon holds
great promise in fundamental understanding and improving
the carrier transport in disordered materials. However, similar
studies with excitons, electrons, or photons in any inorganic
material systems are relatively uncommon [35-38]. In this
work, we show photoinduced electron localization control in
a disordered metallic system, chromium nitride (CrN).

Unstrained CrN epitaxial films exhibit a simultaneous
magnetic, structural, and electronic first-order phase transition
at a Néel temperature (Ty)~ 277 K (aligning with the Ty
ranges between 260-285 K [39-43] reported for bulk and
relaxed thin films in the literature). At high temperatures
(T > Ty), CrN shows a rocksalt crystal structure with a
semiconducting and paramagnetic state. However, as the
temperature is lowered below Ty, antiferromagnetic spin
alignment leads to a large magnetic stress that drives a
structural transition from the rocksalt-to-orthorhombic phase
[44-46]. Concomitant to the magnetic and structural tran-
sition, the electronic state of CrN also changes from a
charge-order insulator to a disordered metallic system below
the 7Ty [40,47]. Unlike in many strongly correlated oxides
such as VO,, NdNiOs, etc., where strong electron correla-
tion and/or Peierls instability causes the phase transition and
leads to a low-temperature insulating phase [48,49], the metal-
insulator transition in CrN is caused by anisotropic magnetic
stress. The magnetic stress-driven phase transition in CrN is
unique and has been demonstrated experimentally by care-
fully engineering the epitaxial strain [50].

In CrN, as chromium and nitrogen vacancies are ther-
modynamically stable [51,52], it is inherently a disordered
material. Therefore, the ultrasensitivity of the CrN’s electronic
structure on its stoichiometry can be leveraged in preparing
thin films that exhibit markedly different low-temperature
electronic transport behavior ranging from metallic, localized,
and strongly localized regimes. Figure S1 [53] illustrates the
diverse temperature-dependent electron transport behavior of
six different CrN thin films we obtained through variations in
Cr:N, flux ratio, substrate temperature, deposition pressure,
and strain in the film (See Supplemental Material (SM) [53]
for details). As a result, CrN is an ideal inorganic material for
exploring the photoinduced manipulation of electron localiza-
tion phenomena. In this work, we utilize this unique feature
of the electronic structure of CrN to show photoinduced lo-
calization control with light.

II. THIN-FILM SAMPLE PREPARATION

Three distinct CrN thin films, each demonstrating varied
resistivity behaviors, are deposited via ultrahigh-vacuum mag-
netron sputtering at a base pressure of 1 x 10~° Torr. The first
CrN film [depicted in Fig. 1(b)] is deposited at a high substrate

temperature of 800 °C and a deposition pressure of 10 mTorr,
showcasing a prominent characteristic metal-insulator transi-
tion (MIT). In this instance, the Cr target power was set to 25
W. For the second film [depicted in Fig. 1(c)], identical depo-
sition conditions were employed; but with a Cr target power
of 50 W. In contrast, the third film [depicted in Fig. 1(d)] was
deposited at room temperature under a deposition pressure of
10 mTorr, with the Cr target power set to 25 W. The Ar:N,
ratio was fixed at 9:6 in all three films. The thicknesses of the
films are 240 nm. Details on the sample’s electronic resistiv-
ity, photoconductivity, and other measurement techniques are
presented in SM [53].

III. RESULTS AND DISCUSSION

A. Diverse low-temperature resistivity

Optimized growth conditions utilized in the first film re-
sults in epitaxial, and single-crystalline CrN films exhibiting
electronic localization (g—; < 0, where p is electrical resistiv-
ity) at low temperatures (7' < 150 K) [see Figs. 1(a) and 1(b)].
Such localization stems from the coherent backscattering of
electrons from different point defects like oxygen impurities
(On), chromium and nitrogen vacancies (V¢;, W), interstitials
(N;), etc. However, the localization behavior fritters away at
higher temperatures, and the disordered metallic phase (g—; >
0) appears with an increase in resistivity until the MIT point
at ~277 K. After the phase transition at Ty, CrN exhibits
semiconducting electronic behaviour with decreased resistiv-
ity (g—? < 0) at higher temperatures. Hall measurements show
an n-type carrier concentration of 2.2 x 10" cm™ at room
temperature due to electronically active defects. Arrhenius-
type thermal activation corresponding to the bandgap and
trap-states-enabled transitions is also observed at high tem-
peratures (See Fig. S2-3 in SM for details [53]).

Compared to the nearly stoichiometric film, CrN deposited
with lower nitrogen flux [Fig. 1(c)] exhibits a fully metallic
phase at low temperature. However, semiconducting trans-
port is observed beyond the MIT point at ~277 K. Here,
the abundance of nitrogen vacancies results in high elec-
tron concentration of 1 x 10?! cm™ and resistivity of ~26
times smaller than the film showing electronic localization.
In contrast with the first two cases, when the growth temper-
ature is lowered and a third film is deposited, the electronic
phase changes drastically to the strongly localization regime
[Fig. 1(d)]. Lower growth temperature presumably introduces
a large density of defects and disorders that leads to the
insulating film with low-temperature resistivity ~2000 times
higher than the first film. Fitting the resistivity-vs-temperature
with the Mott variable range-hopping (MVRH) mechanism
leads to a high characteristic Mott temperature 7y = 1 X
10° K (see Fig. S4 in SM [53]), highlighting the highly lo-
calized electron transport in the film.

B. Temperature-dependent photoconductivity

Photoconductivity measurements with a Xe-arc lamp
(400-2400 nm) show that the first CrN film showing localized
electron transport exhibits a positive photoresponse above the
MIT at 300 and 350 K. Since CrN exhibits semiconducting
properties at high temperatures, such positive photoconduc-
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FIG. 1. (a) Schematic showing the optical manipulation of electron localization. Upon photoexcitation, enhanced electron scattering from
photogenerated phonons, electron-phonon, and anharmonic phonon interactions leads to the breakdown of the electron phase coherence

responsible for localization. (b)-(d) Temperature-dependent resistivity

of CrN thin films in the 50-400 K temperature range. The diverse

low-temperature resistivity behavior is achieved through precise control over Ar:N, gas ratio and substrate temperature during the growth.
(b) The resistivity of CrN film shows localization in the low-temperature region. With increasing temperature, localized CrN transitions into
a metallic region, followed by the metal-insulator phase transition at ~277 K. (c) The temperature-dependent resistivity of CrN film shows
metallic conductivity at low temperatures and metal-insulator transition at Ty. (d) The temperature-dependent resistivity of CrN exhibits strong
electronic localization and no apparent electronic phase transitions. (e) Temperature-dependent photoconductivity measurements [for the film in
Fig. 1(b)] show that semiconducting (T > Ty) and metallic (from 150 K to 7yy) CrN exhibit a positive and negative photoresponse, respectively.
However, as the localization sets in at lower temperatures (7 < 150 K), photoconductivity undergoes a negative-to-positive transition. A fixed
light intensity of 32 mW /cm? is used for these measurements. (f) In the localized regime (T = 80 K), CrN exhibits a positive photoconductivity
for low light intensity. However, as the light intensity increases, the photoconductivity undergoes a positive-to-negative transition, indicating
modification of localized electronic transport upon high-intensity photoirradiation.

tivity is normal and represents the photoinduced carrier
generation that enhances the conductivity. The persistence in
the photogeneration and decay arises due to the trapping of
photogenerated electrons at the defect states [51,54] (see Fig.
S5 in SM [53]). Interestingly, as the temperature is reduced
below Ty, photoconductivity undergoes a positive-to-negative
transition. Such a positive-to-negative photoconductivity tran-
sition is interesting but expected, as CrN undergoes a
semiconducting-to-disordered metallic electronic transition.
Here also, the persistence in photoconductivity is observed
due to the trapping of photogenerated carriers. The negative
photoresponse has been found previously in degenerate nitride
semiconductors such as InN, ScN [55,56], and other metallic
materials such as Au, Te nanowires [57,58], etc.

The negative photoresponse is observed until 150 K. In-
terestingly, at 100 and 80 K, the photoconductivity turns
positive again. The magnitude of the positive photoconduc-

tivity increases with the decrease in temperature [Fig. 1(e)].
Electronically, the region below 150 K corresponds to the
localized regime, where conduction is mediated by the MVRH
mechanism. Therefore, the temperature-dependent photore-
sponse correlates with the electronic states of CrN, positive
with high photoconductivity in the semiconducting region
(T > Ty), negative in the metallic region (150-277 K), and
positive again with lower overall but increasing with a de-
crease in temperature in the localized regime (7' < 150 K).
Further, light-intensity dependent photoresponse at 80
K shows that photocurrent is positive at lower intensities
of the incident light [32 and 47 mW/cm2 in Fig. 1(f)].
However, as the intensity increases (73 and 110 mW /cm?),
photocurrent exhibit mixed behavior, positive initially upon
the impingement of light, which gradually turns into negative.
The photoresponse exhibits a purely negative characteris-
tic with a further increase in the incident light intensity
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FIG. 2. (a) Temperature-dependent photoconductivity of the second CrN film exhibiting fully metallic phase at low temperature shows
positive photoresponse above Ty ~ 277 K and negative photoconductivity below 7y. (b) Temperature-dependent photoconductivity reveals
positive photoresponse at all temperatures for the third film having strong electron localization without the metal-insulator transition. The
persistence in the photogeneration and decay appears due to the presence of traps. (c) Temperature-dependent EXAFS analysis of the first CrN
film that exhibits metal-insulator transition depicted in (a). The peak corresponding to Cr—Cr bond splits into two (marked with an arrow) upon
structural transition at low temperature. (d) Temperature-dependent EXAFS analysis of the third CrN film [Fig. 2(d)] without metal-insulator
transition. The Cr—Cr peak does not split at low temperatures, indicating the absence of structural transition. (¢) The STEM imaging. (f)
HRTEM shows excellent structural quality of the films. The electron diffraction pattern at the inset shows cube-on-cube epitaxy. (g) Elemental
mapping of Cr and N atoms showing the uniform distribution of Cr and N inside the film.

(>123 mW /cm?). The quantitative decrease in the photocon-
ductivity also increases with an increase in the light intensity.
Such negative photoresponse is similar to the behavior ob-
served in the film’s delocalized metallic region (150K < T <
Tv). Therefore, this transition of photoresponse from positive
to negative with the increase in light intensity indicates the
possibility of a change in the electronic transport in CrN
from a localized hopping to delocalized metallic-like transport
upon light irradiation. In addition, recharging of defect centers
upon photoirradiation in CrN could also impact the mobility
of charge carriers through enhancement of ionized impurity
scattering and the formation of long-range Coulomb potential,
giving rise to opposite signs of photoconductivity. Discerning
the above two mechanisms is not readily possible and may
require ultrafast measurements and deconvolution of different
processes.

To further establish the correlation between photocon-
ductivity and temperature-dependent electronic state in CrN,
temperature-dependent photoconductivity of the other two
CrN films exhibiting metallic and highly localized electron
transport are studied [refer to Figs. 1(c) and 1(d)]. At room
temperature, a positive and persistent photoconductivity is
observed in both films, similar to the photoresponse observed
in the first film [at 300 K in Figs. 2(a) and 2(b)]. However, for
CrN exhibiting a metallic phase, the positive photoresponse
turns to negative below the 7y, and remains negative below
150 K, which is consistent with its metallic nature [Fig. 2(a)].
In contrast, the photoresponse of the second film [refer to
Fig. 1(d)], having a higher degree of electron localization,
remains positive in the entire temperature range [Fig. 2(b)].
Importantly, the sign of the photoconductivity does not change
upon changes in the light intensity in both the cases (details in

Appendix B). Thus, the photoconductivity measurements re-
veal a striking correlation between the electronic states and the
sign of the photoresponse across the metal-insulator transition
regime of CrN. The positive photoconductivity is exclusively
associated with the semiconducting and localized electronic
states, and the negative photoresponse is exclusively associ-
ated with the metallic state. Thus, light-intensity dependent
positive-to-negative transition of photoconductivity in local-
ized CrN evidences the photoinduced modulation of localized
electron transport.

C. Structural transition

The concomitant structural transition and crystal quality
of the films are probed with temperature-dependent extended
x-ray absorption fine structure (EXAFS) and high-resolution
transmission electron microscopy (HRTEM). The rocksalt-
to-orthorhombic structural transition in CrN is such that the
Cr—Cr bond distance shrinks and expands along two mutually
perpendicular directions due to anisotropic magnetic stress
[45] (see Fig. S6 in SM [53]). Figures 2(c) and 2(d) shows
the EXAFS analysis across the Cr K edge in a radial distance
of the coordination sphere up to ~4 A. For the CrN films
with metal-insulator electronic phase transition [Figs. 1(b) and
1(c)], the peak corresponding to the Cr—Cr bond splits into two
(marked with arrow) below the transition temperature Ty ~
277K [Fig. 2(c)]. However, the film with no metal-insulator
transition [Fig. 1(d)], the Cr—Cr peak does not split into two
upon cooling the film below Ty. The crystal quality of the
film exhibiting localization is shown in Figs. 2(e) and 2(f).
The films grow along with (002) orientations on MgO (001)
substrate with cube-on-cube epitaxy (see Figs. S7 and S8 in
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FIG. 3. (a) Temperature-dependent resistivity of CrN films with increasing disorder strength from S1 to S4. All four films exhibit a metal-
insulator transition at ~277 K. (b) The photoresponse of the films at a fixed light intensity of 240 W/cm? at 80 K (200 K for S4). (c)
In o-vs-T =% plot for the films to quantify the disorder strength. Film S1 contains the least disorder density and S4 is has the highest disorder

density.

SM [53]). The Cr and N atoms are uniformly distributed inside
the films [Fig. 2(g)].

The structural characterization confirms the origin of the
temperature-independent positive photoconductivity observed
in the second film [Fig. 2(b)]. As the rocksalt-to-orthorhombic
structural transition is absent in this film, the corresponding
insulator-to-metal transition also did not occur, and hence the
photoconductivity remains positive in the whole temperature
range. However, when there is a rocksalt-to-orthorhombic
structural transition, the corresponding electronic phase also
undergoes insulator-to-metal transition; hence, the photocon-
ductivity also changes from positive to negative.

D. Disorder-dependent photoconductivity

Additionally, to assess the impact of the strength of the
disorder on the light-induced localization-to-delocalization
electronic transition, four different CrN films (see SM [53]
for details about the growth conditions) exhibiting varying
degrees of the disorder are prepared. All the films exhibit the
characteristic metal-insulator transition at ~277 K [Fig. 3(a)].
However, the temperature corresponding to the onset of the
localization in them progressively increases with the increase
in the disorder strength. To quantify the strength of local-
ization, their temperature-dependent electrical resistivity in
the low-temperature regime is fitted with the MVRH (0 =
)0'25) model. Ty, in the MVRH is the characteristic
Mott temperature, which signifies the degree of disorder and
can be obtained from the slope of the In o-vs-T~%% . Also, in
MVRH, the activation energy is not constant and varies with
temperature with the relation E, = 0.25kT°7T;,%%°. Since
changes in the growth conditions lead to different concentra-
tions of vacancies and disorders, the strength of localization
changes, as shown in Table I. The 7}, is small for the first
two films (S1 and S2); therefore, the activation energy is low.

O—Oe*(TM/T

However, for the S3 and S4 CrN, the strength of localiza-
tion and, therefore, 7j; and the activation energy, increase
drastically.

Photoresponse measurements (at 80 K for S1, S2, and
S3, and 200 K for S4 with an incident light intensity of
~ 240 mW /cm?) reveal negative photoconductivity for the
S1 and S2 and positive photoconductivity for the S3 and S4
films [Fig. 3(b), Appendix C]. As the incident light intensity is
sufficient to cause the electronic delocalization in the first two
films, a negative photoresponse is observed. However, in the
last two films, the intensity of the incident light is insufficient
to cause delocalization, resulting in a positive photoresponse.
These results, therefore, strongly demonstrate the photoin-
duced and tunable localization control with varying degrees
of disorder density.

E. Origin of photoinduced delocalized transport

To explain the origin of the tunable photoconductivity, we
consider two different mechanisms: the role of photoinduced
generation of phonons, which affects the transport properties
of CrN, and the role of recharging of defects upon photoir-
radiation. For the first mechanism, the electronic densities of
states (DOS) of CrN in the localized and itinerant metallic

TABLE 1. Fitted disorder temperature and activation energy ob-
tained from the In o vs 7% plot.

Sample Ty (K) E, (meV)
S1 2.7 0.75
S2 11.4 1.05
S3 1.47 x 10° 3.5
S4 1.5 x 10° 20.48
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FIG. 4. (a) Qualitative DOS of CrN at T < 150 K. The presence of disorder localizes (red gridded region) the electronic states near the
band tail. The mobility edge (E),) separates the extended and localized electronic states. The Fermi level is inside the localized region that
facilities the MVRH conduction. (b) DOS of CrN upon shining of low-intensity light. The relaxation of photogenerated electrons through the
generation of phonons and electron-phonon coupling transiently delocalizes the electronic states. The electron conduction is still dominated
by the MVRH type. (c) DOS of CrN upon shining of high-intensity light. A large density of photogenerated phonons could lead to inelastic
scattering that results in decoherence and breakdown of electron localization. The Fermi level shifts above the mobility edge, facilitating

metal-like conductivity.

regime are analyzed (details in Appendix D). Moreover, the
changes in the DOS due to the light irradiation are further
investigated qualitatively. Figure 4(a) presents the DOS of
antiferromagnetic CrN with depleted electronic states near
the Fermi level [44,45,59]. Here, the presence of disorder
localizes (red gridded region) the electronic states near the
band tail. The localized states are random in both Euclidean
and energy space and follow a Gaussian distribution pattern.
The mobility edge (Ejs) separates the extended and local-
ized electronic states. As the Fermi level is deep inside the
localized region, the electron conduction is mediated by the
MVRH. Upon low-intensity light irradiation at 80 K, the pho-
togenerated electrons relax through the generation of phonons
[Fig. 4(b)]. Phonon generation through other channels like
electron-phonon coupling, anharmonic phonon scattering, and
photon-phonon coupling are also possible mechanisms that
enhance phonon population upon photoirradiation. The Fermi
level still remains below the mobility edge, and the conduction
is MVRH type. Thus, the phonons generated through the
relaxation of photoelectrons assist in the hopping of elec-
trons across the energy threshold, which results in positive
photoconductivity.

However, it is important to note that phonon-assisted hop-
ping is inelastic, gradually introducing noncoherence in the
system [19,20]. When the phonon density is high due to the
relaxation of the photogenerated electrons in large numbers at
a higher light intensity, the coherent backscattering, responsi-
ble for the localization, starts to fade away. As a result, the
electronic states become delocalized transiently [Fig. 4(c)].
The electrons near the Fermi level become itinerant and can
transport over a large distance, thus facilitating a metal-like
negative photoconductivity in CrN.

The same model also explains the origin of negative
photoconductivity observed in the metallic phase of CrN
(150K < T < Ty). In general, the negative photoconductivity
in metal stems from the enhanced charge-carrier scattering
through several mechanisms like intraband electron-electron

scattering, plasmonic hot electronic scattering, electron-
phonon scattering, etc. [58]. However, given the electron
density of CrN ~ 1 x 10" cm™3, much smaller than regular
metals like Au and Ag (~ 6 x 10?> cm~?), the first two mech-
anisms are most unlikely to cause negative photoresponse.
Hence, the scattering of electrons from enhanced electron-
phonon scattering and charged defects is a plausible origin of
negative photoconductivity in metallic CrN.

While our primary focus has been on the phonon effects
to explain the positive-to-negative photoconductivity transi-
tion, it is essential to acknowledge the significant role of
charge defects in influencing electronic transport under light
illumination. CrN exhibits a natural propensity to form both
chromium vacancies (V¢;) and nitrogen vacancies (V) simul-
taneously [51,54]. Additionally, the high oxygen affinity of
Cr leads to the formation of substitutional oxygen defects
(On) in CrN, which act as n-type defects [54]. A prolonged
exposure of CrN films in ambient conditions could also lead
to surface oxidation. The presence of point defects such as V¢,
Wn, and Oy creates a disordered system in CrN, significantly
impacting its transport properties.

At 80 K, when the thermal energy of electrons is low,
the delocalized electrons in CrN get trapped at Vw/On or
other defect centers, and resistivity increases with the de-
crease in temperature. Upon irradiation with high-intensity
photons, the trapped electrons are released, becoming de-
localized, forming charged-defect centers [Fig. 5(a)]. This
significantly enhances ionized-impurity scattering and re-
duces carrier mobility, which could cause the photocurrent
to become negative. The presence of ionized-impurity scat-
tering was found to have a substantial impact on the
carrier mobility in a sister transition-metal nitride com-
pound ScN recently [60]. Besides, the formation of built-in
potential by charged defect could also impede the trans-
port of electrons, leading to decreased photoconductivity.
Therefore, under low-intensity light irradiation, when the den-
sity of charged defects remains low, it results in positive
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FIG. 5. (a) Schematic of neutral-to-charged defect formation
upon photoirradiation. The delocalization of electrons with high-
intensity light creates charged defects in CrN. (b) Temperature-
dependent mobility of CrN with resistivity is demonstrated in
Fig. 1(b). In the delocalized metallic region (T < Ty), the mobility
decreases with the rise in temperature.

photoconductivity. However, as the light intensity increases,
the density of charge defects rises significantly, reducing car-
rier mobility and making the photoconductivity increasingly
negative.

In the metallic region (150K < T < Ty), the density of
charged defects is significant due to the thermal activation
of defects. This leads to enhanced electron charged-defect
scattering, which reduces carrier mobility [Fig. 5(b)], evi-
dent from the temperature-dependent mobility data of CrN,
showing a nearly 30% decrease in mobility as the temperature
increases from ~100 K to approximately 270 K. Upon light
exposure, the density of charged defects increases further,
intensifying carrier-defect scattering and resulting in negative
photoconductivity. In the semiconducting region (T > Ty),
the increase in photoexcited carrier density suppresses the
effects of scattering, leading to positive photoconductivity in
this regime. Therefore, the influence of the charged defects
and their impact on electronic transport may also explain the
observed tunable photoconductivity in CrN along with the
influence of photoinduced phonon. As mentioned earlier, a
more comprehensive study is necessary to elucidate further
the precise origin of the diverse photoconductive responses
in CrN.

IV. CONCLUSION

In summary, we show the photointensity-controlled modu-
lation of localized electron transport in a disordered metallic
system, CrN. From a fundamental perspective, our work
presents an insight into the optical manipulation of electronic
localization and the correlated electronic transport. This con-
trasts the temperature and magnetic-field induced tunability
of localization used traditionally for localization control. Fur-
thermore, demonstrating tunable photoconductivity across the
metal-insulator phase would enable CrN as a material for
reconfigurable device applications. We believe the observed
phenomenon can also be extended to modulate and improve
the transport properties in other technologically important
disordered materials and improve their device efficiency.
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FIG. 6. (a) Intensity-dependent photoconductivity of metallic
CrN at 200 K. The photoconductivity remains negative despite the
increase in intensity of the incident light. (b) Intensity-dependent
photoconductivity of the localized CrN film [film with temperature-
dependent resistivity shown in Fig. 1(b)] measured at 300 K. The
photocurrent increases with the increase in light intensity, and no
reversal of photocurrent is observed as in the case of localized region.
The percentage values in the figure indicate the fraction of the total
source power.
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FIG. 7. Wavelength-dependent photoconductivity of localized
film (a) [Fig. 1(b) in main manuscript] and heavily localized (b)
[Fig. 1(d) in main manuscript] CrN films measured at room tem-
perature. The photoresponse is positive in both cases with a small
variation in photocurrent upon irradiation of light of different
wavelengths.

APPENDIX A: ORIGIN OF DIVERSE
LOW-TEMPERATURE RESISTIVITY BEHAVIOR IN CrN

The diverse low-temperature resistivity behavior observed
in chromium nitride (CrN) stems from a synergistic in-
terplay of multiple factors, such as the Cr:N, flux ratio,
substrate temperature, and deposition pressure. Theoretical

work and previous experimental findings [51,54] have shown
that whereas the Cr vacancy in CrN functions as a donor-type
defect, the N vacancy in CrN serves as an n-type dopant.
Consequently, the films deposited at higher Cr flux led to
metallic (degenerate) semiconducting behavior. In the most
adverse scenario, the large concentration of Cr results in phase
segregation, leading to the formation of metallic Cr,N phase
leading to metallic conductivity in the full temperature range.
Higher N, flux during film deposition correlates with a pro-
gressive rise in resistivity, ultimately resulting in a transition
to p-type conductivity. In terms of growth temperature, opting
for a higher growth temperature yields an epitaxial film with
enhanced conductivity. In contrast, films deposited at lower
growth temperatures tend to be polycrystalline (textured), re-
sulting in resistive behavior.

APPENDIX B: INTENSITY AND WAVELENGTH-
DEPENDENT PHOTORESPONSE OF CrN

1. Intensity-dependent photoresponse

The intensity-dependent photoconductivity of the metallic
and localized films is examined to determine whether the
sign of photoconductivity changes under high-intensity photo-
irradiation [Fig. 6]. However, unlike the localized film at 80 K,
no sign reversal of photoconductivity was observed.
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FIG. 8. Temperature-dependent photoresponse of the film S3 measured at photointensity of 32 mW /cm?. The photoresponse is positive in
the semiconducting region (T > Ty), and negative in the metallic region. The photoresponse turns positive again in the localized region.
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2. Wavelength-dependent photoresponse

The wavelength-dependent photoconductivity of both lo-
calized and heavily localized films is analyzed [Fig. 7]. In both
cases, the photo-response is positive and remains independent
of the incident light wavelength.

APPENDIX C: TEMPERATURE-DEPENDENT
PHOTORESPONSE OF FILM S3

To verify that the photoconductive response of the films
labeled as S1-S4 are also correlated with the electronic state
of CrN, the temperature-dependent photoresponse of the film
S3 is measured [see Fig. 8]. Here, the photoresponse is pos-
itive in the semiconducting region (7" > Ty), followed by a
transition into negative response in the metallic regions and
again a positive photoresponse in the localized transport re-
gion, resembling the photoresponse observed in the earlier
films.

APPENDIX D: COMPUTATIONAL METHODS

For rocksalt CrN, the first-principles density-functional
theory implemented in VASP was used to calculate the elec-
tronic band structure and electronic density of states of CrNN.
For the AFM,, ;2 configuration, spin-polarized calculations

c
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FIG. 9. (a) Electronic band structure of low-temperature or-
thorhombic CrN calculated using U = 1. The electronic density of
states (right-hand side) revealed a depleted density of states near the
Fermi energy (Ef), thus a bad metallic behavior at lower tempera-
tures. (b) The electronic density of states of rocksalt CrN with and
without the presence of N vacancy (Vx). The N vacancy state acts as
a donor-type defect in CrN.

with the spin moment along the z axis were carried out
using the Generalized Gradient Approximation (GGA)+U ap-
proach with plane-wave basison partially fill 3d orbital of Cr
[Fig. 9]. A Hubbard U of 1.0 eV is used in these calculations,
as at higher U values, an electronic band gap opens up in
the low-temperature phase, despite the system being a metal.
The projected augmented-wave pseudopotentials are used for
both the Cr and N atoms with kinetic energy cutoff of 550 eV.
Gamma-centered Brillouin-zone sampling was done using 22
X 16 k mesh.
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