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1. Introduction

Infrared (IR) detectors are vital in modern applications like
telecommunications, night vision, imaging, and surveillance. Traditional
materials (e.g., Mercury Cadmium Telluride) face challenges in integration
and miniaturization, driving interest in low-dimensional alternatives. While
graphene offers broad IR coverage, its weak absorption and high dark current
limit its utility. Black phosphorene (BP), a two-dimensional material with a
tunable band gap (0.5 eV bulk to 2 eV monolayer), emerges as a promising
candidate. Its electronic structure can be adjusted via layer control, strain,
doping, or electric fields, enabling tailored optoelectronic properties. Doping
with elements like boron or chlorine modulates the band gap, while strain
engineering and the Stark effect enhance mid-IR performance. BP boasts high
carrier mobility (~1000 cm?/Vs) and on/off ratios (up to 10%), outperforming
many 2D materials. Heterojunctions and plasmonic designs leverage their
broad absorption (visible to terahertz) and anisotropy. However, multilayer
BP’s complex interlayer interactions, distinct from graphene or MoS:, pose
challenges for device integration. Despite this, BP’s tunability and versatility

position it as a transformative material for next-generation IR technologies.

2. Methodology
Electronic behavior in systems like black phosphorene is studied using models
such as Hubbard, Anderson-Holstein, and Su-Schrieffer-Heeger. This work
employs the nearest-neighbor tight-binding model, which constructs the
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Hamiltonian matrix by accounting for electron hopping between adjacent
atoms. BP’s band structure, resembling a deformed honeycomb lattice with
varied hopping energies across five neighbors, parallels other 2D materials.
Traditional methods like density functional theory (DFT), Green’s functions,
and molecular dynamics face limitations: DFT struggles with computational
cost and scalability, Green’s methods rely on error-prone approximations, and
molecular dynamics often overlook critical anharmonic effects.

To address these challenges and analyze nonlinear systems, quantum chaos
theory—Ilinking classical chaos to quantum phenomena—provides tools to
study disordered, localization, and phase transitions. Central to this approach
is random matrix theory (RMT), which assumes Hamiltonian symmetry
dictates its statistical properties. As a Hermitian operator, the Hamiltonian’s
eigenvalues (real energy levels) and eigenstates form the basis for RMT
analyses. These include eigenvalue-based methods, such as the nearest-
neighbor spacing distribution P(s), which quantifies short-range spectral
correlations by measuring energy level spacing fluctuations.

For accurate comparisons, spectral unfolding normalizes the energy spectrum
to a uniform density, enabling universal assessment of quantum chaos across
systems. P(s) thus serves as a key metric to distinguish chaotic vs. ordered
behavior, offering insights into transport properties and phase transitions in
complex materials like BP.

3. Results and Discussion

In this study, a BP lattice system comprising 120 x 100 atoms was investigated
to explore the effects of electrode voltage, impurity concentration,
temperature, and infrared irradiation on its electronic and transport properties.
Under electrode voltages of 0.5-4 V, the Brody parameter (p) rises sharply
with voltage, peaking at 2 V, indicating increased conductivity, reduced band
gaps, and a shift from insulating to metallic states. Voltage-induced gap-band
splitting creates localized states, enhancing thermos-electric potential. Boron
doping (0.1%, 0.7%, 1.1%) alters energy-level spacing. Low concentrations
(0.1%) show Poisson-distributed insulating phases, while higher doping shifts
distributions to Wigner-Dyson patterns, signaling metallic behavior through
stronger level repulsion. This highlights doping’s role in optimizing BP
devices. At 0.1% boron and 0.5 V, B decreases sharply from 0-300 K, rises
moderately at 300-380 K, then declines gently up to 450 K. This non-
monotonic behavior reflects thermal impacts on band structure and carrier
dynamics, critical for temperature-resistant device design. Also, current-
voltage measurements reveal exponential current growth above 0.2 V in gold-
electrode BP systems, confirming semiconductor behavior. It can be added,
infrared irradiation reduces current due to saturable absorption, where intense
light saturates conduction-band states. This effect supports applications in
photodetectors and optical modulators.
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4. Conclusion
These results demonstrate that voltage, impurity doping, temperature, and
light irradiation effectively tune BP’s electronic and transport properties,
supporting its promise for thermos-electric and optoelectronic applications.

Keywords: Infrared Detector, Black Phosphorene, Quantum Chaos, Random
Matrix Theory.
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! Stark effect
2 Terahertz
3 Molybdenum disulfide (MoS;)
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! Tight-binding

2 Hubbard

3 Anderson-Holstein

4 Su-Schrieffer-Heeger
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! Density Functional Theory (DFT)
2 Green's function

3 Molecular dynamics simulations
4 Wigner

5 Random Matrix Theory (RMT)
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Fig. 2 Variations of the Brody parameter for an impurity-free black phosphorus
lattice with dimensions of 100x120 atoms to the change in the voltage of the gold
electrodes at a temperature of 300 K, taking into account the effect of lattice
phonons with frequency (, = 32(7#-)) and in the absence of infrared light

radiation.
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Fig. 3 Spectral distribution of energy levels (p(s)) of the black phosphorene lattice
for different amounts of boron impurity at a voltage of 0.5 V and a temperature of
300 K in the presence of the effect of lattice phonons with frequency (o, = 32(7#z))

and in the absence of infrared radiation. From green to black, the phase transition
between the Poisson and Wigner distributions is shown.
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Fig. 4 Variations of the Brody parameter for a black phosphorene lattice with
dimensions of 100x120 atoms with a 0.1% boron impurity at a voltage of 0.5 V
to the change in ambient temperature in the presence of the effect of lattice
phonons with frequency (4, = 32(7#z)) and in the absence of infrared radiation.
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Fig. 5 Current-voltage diagram in a black phosphorus lattice with dimensions of
100x120 atoms in the presence of the effect of lattice phonons with frequency

(@, = 32(THz)) and in the presence of infrared radiation with frequency
(@, =28(THz)).
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Algorithm 1: P(s)

1:  Input: Hamiltonian Matrix H
eigen_values = eig(H)
eigen_values = sort(real(eigen_values))
3: H_size = length(eigen_values)
eigen_values = eigen_values(round(0.1*H_size):end-
round(0.1*H_size))
eta = zeros(1, length(eigen_values))
For index_E = 1:length(eigen_values) do
N = find(eigen_values <= eigen_values(index_E))
eta(index_E) = length(N);
end
f = polyfit(eigen_values',eta,p_degree);
chi = zeros(length(eigen_values),1);
For index_f = 1:length(f)
chi = chi + f(index_f).*eigen_values.” (Iength(f)-index_f)
end
E1 = sort(chi)
hist(E1)
s = diff(E1)
a = find(s> 7)
s(a) =]
n_bins = 2*sqrt (length(E1))
[p_s,bin] = hist (s,n_bins)
binsize = (bin(2)-bin(1))
p_s = p_s./sum(p_s)/binsize
12: mean(s)
Eta=0.01:0.01:0.99
p_degree =40
counter =1
Error = zeros(1,length(Eta))
index_eta =10
for eta = Eta
index_eta = index_eta + 1;
alpha = gamma((eta+2)/ (eta+1))” (eta+1);
A = alpha .* (eta+1);
p_eta= A .* bin.“eta .* exp(-alpha.*bin.” (eta+1)) ;
error =p_eta-p_s;
Error(index_eta) = sum(error.*2);
15: end
a = find(Error==min(Error))
Optimized_eta(counter) = Eta(a)
optimized_alpha = gamma((Optimized_eta(counter)+2)/
(Optimized_eta(counter)+1))* (Optimized_eta(counter)+1)
x =0.01:0.01:max(s)
p_eta = optimized_alpha .* (Optimized_eta(counter)+1) .*
x.*Optimized_eta(counter)...

»
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13:

14:

16:
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17: .* exp(-optimized_alpha.*x.” (Optimized_eta(counter)+1))
p_w = (pi/2).*x.*exp(- (pi/4)*x.*2)
18: P_p = exp(-X)
’ createfigureP_s(bin, p_s, X, p_w, p_p)
hold on

plot(x,p_eta,'g','LineWidth',2)
plot(x,p_w,'g",x,p_p,'r',x,p_eta,'k")
hold on

stairs(bin,p_s)

Algorithm 2: CreatefigureP s

1: function createfigureP_s (X1, YMatrix1, X2, YMatrix2, YMatrix3)
%CREATEFIGURE(X1, Y1, YMATRIX1)
% Xl1: stairs x
% Y1: stairsy
% YMATRIX1: matrix of y data
2: % Create figure
figurel = figure

% Create axes

axesl = axes('Parent',figurel)
box(axesl,'on")
hold(axesl1,'all’)

% Create stairs
plot1(1) = stairs(X1,YMatrix1,'Parent',axes1,'Color’, [0 0 0])

% Create multiple lines using matrix input to plot
plot1(2) = plot(X2,YMatrix2,'Parent',axes1)

plot1(3) = plot(X2,YMatrix3,'Parent',axes1)

set (plotl(1),'DisplayName’','Numeric','Color"', [0 0 0])
set (plot1(2),'Color’, [1 0 0] ,'DisplayName','"Wigner")
set (plot1(3),'Color’, [0 0 1] ,'DisplayName','Poisson")

3: % Create xlabel
xlabel ('s','FontSize',16,'FontName','Times New Roman')

% Create ylabel
ylabel("P(s)','FontSize',16,'FontName','Times New Roman")

5 % Create legend
legend(axesl,'show’) ;
setlegend,'"EdgeColor', [1 1 1] ,'YColor', [1 1 1] ,'XColor', [111]....
'FontSize',14,...
'FontName','Times New Roman' ;
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