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Controlling dopant transport with high spatial precision is crucial for improving the semiconduc-
tor functionality, reliability, and scalability. Although prior models of noise-assisted diffusion have
been largely confined to idealized one-dimensional settings, we present a physically realistic two-
dimensional theoretical framework that integrates anisotropic quartic confinement with localized
thermal cold spots to direct impurity dynamics. Using a generalized Fokker—Planck formalism, we
show that the geometry of the thermal landscape, particularly the width and arrangement of cold
spots, governs a noise-induced transition between monostable and bistable effective potentials. This
enables tunable noise-activated hopping and supports conditions favorable for stochastic resonance
(SR) if weak periodic driving is applied. Quantitative predictions are made for how impurity lo-
calization and effective barrier heights depend on the cold-spot width o and trap depth @, offering
experimentally testable signatures. We propose an experimental realization using optothermal tech-
niques, such as dual-beam optical tweezers and laser cooling, which can sculpt reconfigurable thermal
profiles with sub-micron resolution. This model establishes a versatile pathway for programmable
impurity manipulation and noise-sensitive control in semiconductor structures, bridging theoretical
predictions with feasible experimental detection via photoluminescence mapping or lock-in signal
amplification.

PACS numbers: Valid PACS appear here

Introduction.— Doping plays an important role in
semiconductor technology since it fundamentally governs
the carrier concentration, electrical conductivity, and
overall device performance in transistors, sensors, and
photovoltaic systems [-5]. Attaining precise spatial and
temporal control over dopant distributions is essential for
tailoring the electronic, optical, and transport properties.
However, this remains challenging because of competing
mechanisms among vacancy hopping, interstitial migra-
tion, and drift driven by electric and thermal fields [6G-8].
Among these, thermally activated diffusion is dominant
because temperature gradients play a critical role in the
redistribution of impurities over time [[7, 9].

While noise is commonly regarded as a disruptive
factor in signal transmission, it can, under the right
conditions, enhance transport via stochastic resonance
(SR) [10-14], which was originally proposed to explain
Earth’s glacial cycles [15]. In SR, noise synchronizes with
weak periodic inputs to amplify the system response [[L6],
an effect observed in confined geometries [[17], polymer
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dynamics [1821], porous membranes [22], and bistable
two-state kinetics [L0, 23]. In semiconductors, thermal
gradients coupled with noise offer new strategies for the
high-resolution control of dopants. Recent studies have
shown that localized thermal features (hot or cold spots)
can induce bistability and enable the selective redistribu-
tion of dopants [J, 24-26] which facilitates noise-assisted
signal processing in semiconductor layers.

Previous models largely focus on one-dimensional sys-
tems with quartic_confinement and spatially varying
temperature fields [24-27], analyzed through generalized
Fokker—Planck or Langevin formalisms and capturing
thermally activated hopping via modified Arrhenius ki-
netics [27-81]. These models predict noise-induced tran-
sitions between monostable and bistable impurity config-
urations, which is a prerequisite for SR under weak pe-
riodic forcing [3B2-84], and quantify signal amplification
via spectral gain and signal-to-noise ratio [10, 23, 35].

Inspired by_advances in nanoscale gating and ther-
mal control [B5, B6], we present a novel two-dimensional
framework that captures impurity dynamics in realistic
planar geometries by integrating anisotropic quartic con-
finement with spatially localized thermal cold spots. We
demonstrate that the cold-spot width ¢ and entropy-
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modulated trap depth ® determine the crossover be-
tween the monostable and bistable effective potentials.
These transitions govern noise-activated hopping, impu-
rity localization, and barrier heights, offering experimen-
tally accessible predictions. Our proposed configuration,
implementable via optical tweezers [37, Bg], laser cool-
ing [40], and spatial light modulation [27, B7, BY], enables
programmable impurity control and supports conditions
that are favorable for SR. This model bridges the ideal-
ized stochastic transport theory with experimentally re-
alizable two-dimensional systems, contributing a robust
mechanism for precision doping and noise-enhanced func-
tionality in semiconductor platforms.

The model and effective potential.— We investigate
the stochastic motion of dilute impurities in a two-
dimensional confined semiconductor exposed to spatial
temperature gradients and external trapping. This set-
ting captures the essential features of experimentally ac-
cessible systems such as thin-film devices and optically
manipulated colloids [37, B9, 40]. The external confine-
ment is modeled by a symmetric quartic potential,

)62 o

where V| defines the energy scale and Ty ax, Ymax Sets the
spatial extent. This smooth potential shape emulates
the soft-trapping profiles used in optical and electrostatic
confinement platforms.

To model thermal inhomogeneity, we impose a tem-
perature field with two symmetric cold regions centered
at © = £,

Viz,y) =W

T
1+ exp [(w+12(;)22+y2:| + exp |:(1'—12'(;)22+y2} ’
(2)

where Ty is the ambient temperature, o controls the
width of each cold spot, and x( sets the separation. Note
that this thermal profile can be created using laser-based
thermoplasmonics, and in this case, focused beams gen-
erate localized heating and thereby define effective cold
zones via contrast. Alternative approaches include uni-
form illumination with masked cooling or patterned ab-
sorptive layers. Practical implementations may also em-
ploy spatial light modulators, dual-beam optical tweez-
ers, or tailored coatings on thermally conductive sub-
strates [37, B§|.

The dynamics of the impurity ensemble are governed
by a generalized Fokker—Planck equation

T(x’y) =

opP
ot kT (x,y)

VV(z,y)

3)
where P(z,y,t) denotes the probability density. The pa-
rameter ® represents the energy cost associated with im-
purity motion such as binding affinity or effective interac-
tion with the medium. It also modulates the response to
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local temperature variations. At steady state, the prob-
ability distribution becomes
. dr') ,

(4)
and this illustrates the combined effects of energetic con-
finement and thermal modulation on impurity localiza-
tion. To provide physical insight, we define an emer-
gent effective potential Vig(x,y) through the relation
P(z,y) oc e Verr@v)/ksTo  vielding

VV(a',y")

Ple.y) = C.e-®/ksT@w) o (— [ YV ELY)
(z,y) e exp T (@ y)

DTy @v) vV (,y)
Ver(z,y) = ——— +/€BTO/ T
T($7y) (z0,y0) T($/7y/>

This effective potential captures both entropy-
suppressing effects near cold regions and spatial
confinement due to the external potential. For narrow
cold spots (0 < xg), the landscape exhibits a double-
well structure, which in turn promotes bistability and
noise-driven hopping. As ¢ increases or ® decreases, the
barrier flattens, and the system transitions to monosta-
bility. Experimental platforms such as dual-beam optical
tweezers and thermoplasmonic heating [37, B8, #0] offer
precise in situ control over parameters such as o, @,
and V. As a result, this enables direct implementation
of noise-assisted transport and thermal regulation of
impurities.

The spatial structure of the effective potential
Vet (x, y) strongly depends on the thermal profile param-
eters, particularly the width o of the cold spots and trap
depth ®. These_dependencies are systematically visu-
alized in Figs. , where the contour plots illustrate
the resulting landscapes under different physical regimes.
Figure [ll depicts the impact of the cold-spot width on
the emergence of bistability. For a narrow cold spot with
o = 5nm [Fig. ms(a)}, the effective potential develops
two well-separated minima centered near x = +xy that
form a clearly bistable system with a high central bar-
rier. This landscape favors noise-activated hopping and
localization near cold zones. As the cold-spot width in-
creases to o = 10nm [Fig. [i(b)], the thermal modulation
becomes spatially smoother, leading to a significant re-
duction in the central barrier and flattening of the periph-
eral wells. The reduction in the barrier height between
wells eliminates bistability and establishes a monostable
configuration.

Figure E shows the influence of the entropy-induced
trap depth parameter ® at a fixed 0 = 5nm. For weak
modulation (® = 0.05eV), panel (a) shows a nearly uni-
form potential with shallow minima, indicating poor lo-
calization and enhanced thermal delocalization. In con-
trast, increasing ® to 10.5eV in panel (b) leads to deep
potential wells at the cold spot locations, sharpening im-
purity confinement, and increasing the energy barrier for
escape.

To further illustrate the combined effect of the cold-
spot geometry and confinement, Figs. é and g present
the full-domain contour plots of Veg(z,y) computed via

-dr’. (5)
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FIG. 1: (Color online) Contour plots of effective potential
Vet (z,y) for two different cold-spot widths under a fixed back-
ground temperature Tp = 1.0, trap depth & = 10.5eV, and
confinement scale Zmax = Ymax = 25nm. In panel (a), a nar-
row cold spot (¢ = 5nm) creates a sharply defined bistable
potential, while in panel (b), the broader spot (¢ = 10nm)
reduces s the potential landscape, reducing the bistability.
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FIG. 2: (Color online) Contour plots of the effective poten-
tial Veg(x,y) illustrating the effect of trap depth ® at a fixed
cold-spot width ¢ = 5nm, background temperature 7y = 1.0,
and quartic confinement with Tmax = Ymax = 25nm. Panel
(a) shows a weakly modulated potential for shallow trapping
(® = 0.05eV), whereas panel (b) demonstrates strong im-
purity localization and deeper bistability with & = 10.5eV.
Increasing ® amplifies the spatial contrast in Vg, enhancing
confinement at the cold spots.

the numerical path integration of the temperature and
potential gradients. In Fig. §, we set ® = 2.5eV and
o = 5nm to capture the bistable configuration, where
impurities experience strong localization near the two
off-center minima. The central region acts as a ther-
mal depletion zone, which is consistent with the noise-
suppressed escape trajectories. By contrast, in Fig. ,
we retain ® = 2.5eV but increase the cold-spot width
to 0 = 15nm. This broadening eliminates the double-
well structure and yields a smoother, nearly monostable
landscape.

These results collectively demonstrate that the struc-
ture of Vg (z,y), and hence the impurity localization be-
havior, can be finely controlled by tuning ¢ and ®. The
figures validate this control numerically and provide a vi-
sual basis for interpreting the crossover from bistable to
monostable behavior. This control mechanism underlies
the potential for noise-tunable impurity manipulation in
optothermally patterned devices.

To gain a deeper insight into the confinement mecha-
nism, we analyze the effective activation barrier that sep-
arates the cold spot minimum at x = x( from the central
saddle at x = 0 along the symmetry line y = 0. This
barrier characterizes the energetic cost of thermally acti-
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FIG. 3: Contour plot of the corrected effective potential
Vet (z,y) for a semiconductor layer under thermal confine-
ment. The potential includes both symmetric quartic con-
finement with Zmax = Ymax = 25nm and two localized cold
spots centered at x +xo with 2o = 25nm and spatial
width ¢ = 5nm. The background temperature is uniform
at Tp = 1.0 (arb. units), and the thermal trap correction has
a depth ® = 2.5eV. The effective potential is computed us-
ing path-integrated gradients of both the confining potential
and temperature landscape, yielding a bistable configuration
characterized by two symmetric wells and a central depletion
zone.

vated hopping between wells and is approximately given
by

Pe _22/202 VQ]CBJI4
AVeff%T—O(Qe 0/2 —1)4—?2”0, (6)

where the first term represents the entropy-induced con-
tribution due to localized cooling, with € denoting the
fractional temperature contrast and o the spatial width
of the cold spot. The second term arises from quartic
mechanical confinement. The scaling in Eq. (6) reveals
how sharper thermal gradients (smaller o) and deeper
cold regions (larger €) enhance localization by increasing
the entropic barrier, whereas the quartic term grows al-
gebraically with 3, reinforcing spatial trapping. These
contributions jointly govern whether the system supports
bistability or collapses into a monostable configuration.
Experimentally, such regimes can be realized using sym-
metric focused laser beams or optothermal fields to gen-
erate Gaussian-shaped cold spots at x = 4xzg5. The
beam waist controls o, and the beam intensity regulates
€ through photothermal coupling. The full derivation of
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FIG. 4: Contour plot of the corrected effective potential
Vet (z,y) for an impurity system in a semiconductor layer.
The system experiences symmetric quartic confinement with
Tmax = Ymax = 20 nm and background temperature Tp = 1.0
(arb. units). Two symmetric cold regions are applied at
r = +x0 with z¢g = 25nm and Gaussian width ¢ = 15nm.
The trap correction depth is set to & = 2.5eV. In contrast to
the sharp localization observed at smaller o, broader temper-
ature wells result in a shallower effective potential landscape.
The domain covers z,y € [—30,30] nm.

Eq. (6), along with detailed approximations and integra-
tion methods, are provided in Appendix A.

To further interpret the effective potential across
regimes, we consider several limiting cases. In the
entropic or trap-dominated limit, where mechanical
confinement is negligible, the potential reduces to
Vet (z,y) = ®Ty/T(x,y) which captures the localization
governed purely by temperature gradients.

Our proposed model, which integrates anisotropic
quartic confinement with spatially localized thermal cold
spots, offers a powerful framework for controlling dopant
transport in semiconductor layers. Spatially, cold spots,
realized via focused laser beams or thermoplasmonic
techniques, generate localized temperature minima that
act as tunable traps. By adjusting the lateral positions
and widths (o) of these cold regions, one can create cus-
tomized potential well arrays that precisely shape im-
purity distributions. This also enables targeted confine-
ment that suppresses diffusion into sensitive regions and
supports the formation of spatially heterogeneous dop-
ing profiles. Moreover, dynamic control of the thermal
landscape using holographic optical tweezers or digital
micromirror devices allows real-time steering of dopants
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along programmable trajectories. Temporally, the depth
of the confinement potential (®) regulates the activation
energy required for dopant transitions between localized
wells, thereby controlling the residence times and effec-
tive mobility. By tuning ®, one can selectively enhance
or suppress transport across specific regions and this en-
ables programmable temporal control over doping kinet-
ics.

Generalized Temperature Field and Effective Potential
Landscape. — We consider a two-dimensional system
of non-interacting impurity particles diffusing under the
combined influence of an external confining potential and
a spatially modulated temperature field. To introduce
tunable thermal asymmetries, the temperature profile is
generalized to include multiple localized cold regions:

Ty
1+ ZZ exp | — (z—24)2+(y—yi)?

202

T(x,y) = } (D

where Ty is the far-field temperature, (x;,y;) are the cold
spot centers, and o sets the spatial extent.

Such structured thermal landscapes can be engineered
experimentally using spatial light modulators (SLMs),
holographic optical tweezers, or thermoplasmonic sub-
strates. These methods allow precise laser shaping to
locally alter the kinetic temperature of the medium and
form symmetric or disordered cold zones. This flexibil-
ity enables the exploration of impurity localization in
programmable or randomly distributed thermal environ-
ments.

As described in Egs. (4)—(5), the steady-state distribu-
tion Pss(z,y) depends on an effective potential Vg (z, y)
that combines both the sensitivity to local temperature
and the mechanical force landscape. Experimentally, by
adjusting the number, width, or arrangement of cold
spots, one can directly manipulate the minima of Vig.
This, in turn, effectively shapes the impurity density pro-
file and enables control over thermally guided transport
and confinement.

Figure f depicts the spatial profile of the temperature
field T'(z,y) arising from nine symmetrically distributed
cold spots arranged in a 3x3 square grid. Each cold spot
creates a localized temperature depression modeled by
a Gaussian of width ¢ = 10nm, centered at positions
(zi,y;) € {£25,0} nm. This superposition results in a
structured thermal landscape governed by the expression
T(e.y) = To/[1+3, exp(—((x—2,)2 + (y—y:)?)/(20°))],
where T} is the uniform background temperature. This
configuration provides a controlled way to break the ther-
mal symmetry and impose spatial modulation in the dif-
fusive dynamics of impurity particles. As discussed pre-
viously, in experimental realizations, such temperature
fields can be implemented using thermoplasmonic heat-
ing, laser patterning, or spatial light modulation tech-
niques, allowing for direct control over localization and
transport in engineered thermal environments.

Figure depicts the emergent effective potential
Ve (x,y) that governs the steady-state distribution of
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FIG. 5:  (Color online) Spatial distribution of the tem-
perature field T'(z,y) generated by nine symmetrically ar-
ranged cold spots in a 3x3 grid. The centers are located
at (zi,y:) = {£25,0} nm, (0,£25)nm, and (£25,+25)nm,
with a spatial width o = 10nm. The field follows T'(z,y) =
To/[1+ 3, exp(—((w —2:) + (y — :)?)/(20%))], where Ty de-
notes background temperature. Such thermal modulation can
be experimentally realized using thermoplasmonic substrates
or spatial light modulators. The energy scale ® is assumed
to be of the order of 0.025eV, comparable to kg1 at room
temperature.

impurities that move in a thermally inhomogeneous en-
vironment under external confinement. This potential
comprises an entropic component inversely related to the
spatial temperature field T'(x, y) and an energetic compo-
nent arising from the quartic confining potential V (z,y)
weighted by local temperature variations. The temper-
ature profile includes nine Gaussian-shaped cold spots
arranged symmetrically in a 3 x 3 lattice, each charac-
terized by a spatial width of 5 nm and positioned at
(z5,9;) € {—30,0,30} nm. The background temperature
To is normalized to unity, whereas the energy parameters
® and V| are chosen in the order of room temperature
thermal energy (~ 25 meV), capturing the relevant phys-
ical scale for impurity thermodynamics.

The introduction of multiple independently tunable
cold spots within anisotropic quartic confinement sub-
stantially extends the capabilities of conventional uni-
form or single-spot cooling schemes. By tailoring the
number, positions, and widths of these spots, one can
engineer a highly reconfigurable thermal landscape in
which the local entropic bias and global confinement act
synergistically to direct impurity motion. This versatil-
ity enables rapid switching between complex potential
topographies, ranging from isolated double wells to ex-
tended periodic arrays, without altering the underlying
material structure. In such landscapes, thermal noise can
be harnessed to activate stochastic-resonance-mediated
transport, thereby boosting dopant mobility and ampli-
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FIG. 6: (Color online) Contour plot of the emergent effec-
tive potential Veg(x,y), defined as the sum of the entropic
contribution proportional to ®Ty /T (z,y) and the spatial in-
tegral of the confining potential gradient weighted by the in-
verse temperature. The temperature field T'(z,y) features
nine Gaussian-shaped cold spots arranged in a symmetric 3x3
grid centered at coordinates (z;,y;) € {—30,0,30} nm, each
with a spatial width ¢ = 5 nm. The background temperature
Tb is normalized to unity, whereas & = 0.025eV sets the scale
of the thermal sensitivity. External confinement is modeled
by a quartic potential with amplitude V, = 0.01 eV and char-
acteristic lengths max = Ymax = 100 nm. This multi-well po-
tential landscape governs impurity localization and thermally
activated transitions in an inhomogeneous thermal environ-
ment.

fying weak external signals. The resulting noise-assisted
dynamics provide a practical pathway for precise doping
control, effectively translating the theoretical predictions
of noise-enhanced transport into experimentally accessi-
ble semiconductor and optothermal platforms.

Results and Summary. — The interplay between spa-
tial thermal gradients and external confinement funda-
mentally governs impurity localization and transport in
semiconductor structures. Our results validate and ex-
tend those of previous studies [@, , 41]. Our study
shows that when the cold-spot width ¢ increases, it grad-
ually transforms the effective potential Vog(z,y) from a
bistable landscape (characterized by two peripheral wells
and a central barrier) into a monostable configuration.
For narrow cold spots (o0 < zg), the central barrier fa-
cilitates noise-induced hopping and supports stochastic
resonance | ]. As o approaches or exceeds xg, these
wells coalesce, and bistability is lost due to the flattening
of the intervening barrier.

The strength of confinement, quantified by ®, plays a
complementary role in modulating the depth and sharp-
ness of wells. Larger ® values enhance impurity local-
ization near cold regions and increase the activation bar-
riers for hopping. Thus, ® independently controls both
equilibrium distributions and nonequilibrium transport
dynamics. This tunability makes the system highly suit-
able for optimizing thermally driven ratchet efficiency
and amplifying weak signals [E, @]

Notably, the introduction of two symmetrically ar-
ranged cold spots helps to manuplate dopant diffusion
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across the device. By tuning the separation between
the two cold sopts, and o, one can move impurities at
desired locations and simultaneously modulate the po-
tential landscape to enable or suppress transport path-
ways. This dual-temperature configuration exposed to
anisotropic quartic confinement creates spatial energy
funnels and entropic barriers that guide dopants with
minimal external force input. Compared with uniform
or single-spot cooling strategies, this approach enables
the dynamic reconfigurability of the potential landscape
and significantly enhances the range of accessible doping
profiles.

These phenomena can be readily implemented using
existing experimental tools. External trapping can be
realized via gate-defined electrostatic potentials or opti-
cally projected quartic traps, whereas the thermal land-
scape can be sculpted using focused laser heating, spa-
tial light modulators, or thermoplasmonic substrates [37-
40]. Such methods allow submicron spatial control of
both temperature and potential, facilitating experimen-
tal access to noise-activated transport and bistability-to-
monostability transitions.

To probe impurity distributions, high-resolution tech-
niques such as secondary ion mass spectrometry (SIMS),
scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM-EDX), and spatially
resolved photoluminescence (PL) mapping may be em-
ployed. In addition, stochastic resonance can be detected
through lock-in amplification or time-resolved PL mea-
surements under weak periodic forcing [41]. Together,
these findings establish a broadly applicable framework
for manipulating impurity dynamics in semiconductors
through joint thermal and mechanical landscape design,
offering new pathways for dopant control, noise-enhanced
sensing, and energy-efficient information processing.
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Appendix A: Derivation of the Effective Activation
Barrier and Scaling Laws

We consider a two-dimensional system of non-
interacting impurities diffusing in a spatially inhomoge-
neous thermal field and subjected to an external trapping
potential. The temperature profile comprises two sym-
metric Gaussian cold spots located at (z,y) = (£xo,0),
modeled as

Ty
1+ exp [— 7(%2?,);+y2} + exp [— 7(w+2?;+y2} ’
(8)

where Tj denotes the far-field background temperature,
o characterizes the cold-spot width, and xg defines the
lateral position of the spots.

The maximum fractional temperature drop is defined
by

T(‘r7y) =

T‘O - Tmin

el ©)

™
Il

where Thnin = T'(0,0) is the local temperature minimum
at the cold spot center. In the limit of well-separated
cold spots (zg > o), we approximate

Ty 1
Thin = —, - 10
5 T €N (10)
The steady-state impurity distribution obeys
1 V:aff (LC, y)
Pss 3 s T 7 | 11
(w) = g oo (=T ()
where the effective potential is expressed as
DTy @¥) TV (2, y)
Vet (2, y) = 7+kBTO/ —— 2 dr'. (12
e ( ) T(x,y) (0,0) T(.’E’7y/) ( )

Here, ® denotes the amplitude of the trap-induced cor-
rection and V' (z,y) is the confining potential.

Expanding the temperature near the background as
T(x,y) =Ty (1 —ef(z,y)), with

(x — m9)? + y? rexp | — (x + 20)? + y?
202 202

) = x| -

(13)
the inverse temperature admits a first-order approxima-
tion

1 1
~ — (L+ef(x,y)) + O(). 14
g S 3 U@ £ 0. (1)
Evaluating the trap-induced energy difference between
the cold spot center and the origin yields

1 1

AVirap = © (T(O,m ~ T(@0.0)

> ~ Pe [26730%/(202) -1
(15)
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Assuming a quartic confining potential

() GL)]

the corresponding gradient integral contribution to the
barrier can be approximated as

Viz,y) =W

(0,0) VVI(z Vik e
AV:Conf = I{iBTo/ # . dr/ ~ _%ﬂ'o’
(20,0) (2", y") xd .

where the integral path is taken along the z-axis at y =
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0, and temperature variations in the denominator are
approximated by Tjp.

Combining both contributions, the effective activation
barrier can be written as

4
AVeg = Pe [26‘”53/(2‘72) - 1} + %. (18)

mmax

This equation exhibits how the trap depth ®, cold spot
geometry (zg,0), and confining potential parameters
Vo, Tmax dictate the activation barrier height.
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