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In this paper, a unified current model for tunnel diodes has been developed. The model incorporates not only the tunneling, diffusion,
and excess currents but also the photocurrent generated under illumination. In addition, phonon-assisted tunneling processes, namely
phonon absorption and phonon emission, arising from electron—phonon interactions, have been included. The calculated current—
voltage characteristics indicate that the total current shifts downward under illumination. It is demonstrated that the photocurrent
increases proportionally with the optical intensity and wavelength. In the case of phonon absorption, electrons gain additional energy,
the tunneling channel broadens, and the peak current increases by approximately 15-20%. Conversely, during phonon emission, part
of the electron energy is lost, reducing the tunneling probability, and the peak current decreases by about 10—12%. The obtained results
indicate that accounting for phonon and photon processes significantly extends the application potential of tunnel diodes in
optoelectronic and photodetector devices. The proposed model provides a theoretical basis for the development of tunnel diodes as
high-frequency, light-sensitive, and energy-efficient devices.

Keywords. Tunnel diode; Photocurrent; Diffusion current;, Excess current; Semiconductor modeling; Phonon-assisted tunneling;
Optoelectronic devices
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INTRODUCTION

Researchers have developed a wide range of models to describe the current—voltage (I-V) characteristics of tunnel
diodes. Regardless of their diversity, a reliable tunneling model must accurately reproduce three essential features: (i) the
peak current regime, where tunneling dominates; (ii) the valley current regime, where the tunneling probability decreases,
and drift mechanisms begin to prevail; and (iii) the diode regime, where carrier drift and diffusion dominate [1]. In the
classical Tsu—Esaki model, several of these phenomena are captured, but excess and diffusion currents are not fully
incorporated. Later, O. Kan demonstrated that the tunneling current strongly depends on the density of states and on the
Wenzel-Kramers—Brillouin (WKB) approximation applied to parabolic and non-parabolic electron transitions [2]. The
model proposed by Karlovsky, based on the Franz—Keldysh effect, offered a more straightforward approach for evaluating
the current in tunnel diodes but considered only the band bending in the semiconductor’s n-region [3,4]. Yajima and Esaki
discussed the concept of excess current, while Chynoweth [5] proposed a more complete description. Subsequent studies
extended these foundations by including additional mechanisms such as generation—recombination processes,
illumination-induced photocurrents, and phonon-assisted tunneling (PAT). Under classical tunneling conditions, electron
energies must coincide exactly. However, as Tien and Gordon established, phonon interactions significantly modify
tunneling, especially in the presence of external electromagnetic fields. Phonon absorption and emission create satellite
tunneling channels, enriching the I-V characteristics and producing complex behavior under illumination [6]. Recent
investigations have further advanced the theoretical and experimental understanding of these effects. Liu et al. proposed
an analytical framework that refines tunneling current density calculations by incorporating nonparabolic band structures
[9]. Février et al. demonstrated the influence of photon-assisted transport and coherent tunneling in nanoscale junctions,
linking optical excitation with negative differential resistance phenomena [10]. Mendez et al. provided detailed ab initio
simulations of phonon coupling under high-field and quantum confinement conditions, emphasizing the interplay between
lattice vibrations and electron tunneling [11]. Similarly, Sugiura et al. investigated tunnel mechanisms in semiconductor
devices designed for renewable energy applications, revealing how energy-band engineering can enhance tunneling
efficiency [12]. Additionally, Moulin revisited the I-V characteristics of p—# tunnel junctions and proposed a revised
semi-empirical model that aligns well with experimental data for homojunctions [13]. These studies collectively highlight
the growing attention to photon- and phonon-assisted processes and their critical roles in shaping the nonlinear response
of tunnel junctions. Nevertheless, existing models still treat these mechanisms separately and rarely unify all
contributions—including direct tunneling, diffusion, excess, phonon-assisted, and photo-induced currents—within a
single analytical framework.
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Therefore, in this work, we present a comprehensive current model for tunnel diodes that explicitly includes
photocurrent generation and phonon-assisted tunneling, providing a unified description of the total current in illuminated
and non-illuminated conditions. This approach aims to bridge the gap between earlier theoretical models and recent
experimental findings, contributing to a deeper understanding of quantum transport in nonlinear semiconductor structures.

METHODS
The hole and electron energies at the p—n junction in tunnel diodes f; (g;) and f,(&,) are the Fermi—Dirac

distribution functions for holes and electrons in the p and n-regions of the semiconductor, and their difference takes

the form: f; (&) — fo(&) = - (8—1un)+1 T (a—uil +qv)+1. The Wentzel-Kramers—Brillouin (WKB) approximation
kT T

provides an analytical framework for describing quantum tunneling through a slowly varying potential barrier. In this
method, the stationary one-dimensional Schrodinger equation for an electron of energy E moving in a potential V (x) is
written as

TV 4 2 (g Y p(x) = 0 0

Introducing the local wave number k(x) = / Zh—rzn |E — V(x)| the WKB solution can be expanded as an h? -series of the

exponential form

Y(x) = exp [%S(x)] S(x) = So(x) +%‘ S,(x) + (%)Zsz(x) . @)

Substituting this into the Schrédinger equation and collecting terms of equal powers of A2 — gives recursive
equations for the coefficients S, (x). The standard applicability condition of the WKB approximation requires that each
subsequent term in this expansion be much smaller than the preceding one, i.e.,

|—“"+1(") & 1. 3)

Sn(x)

For practical tunneling problems, this condition is equivalent to the requirement that the potential V (x) varies slowly
on the scale of the electron wavelength, namely,

nk'(x)
k2(x)

< 1. )

Equation (1) ensures that the semiclassical wave function varies smoothly, and quantum interference between
adjacent turning points is negligible. Under this condition, the first-order WKB term dominates, and higher-order
corrections can safely be ignored.

In tunnel diodes, the potential barrier is formed by the built-in electric field F(x) arising from heavy doping. The
potential variation near the depletion region can be expressed as

V(x) = qF (x)x +V, (&)

so that

k() = |55 [E = qF(0)x — Vo] ©)

For typical heavily doped GaN or GaAs tunnel diodes, the field gradient F'(x) is moderate and the characteristic
spatial scale L = |V (x)/(dV /dx)| exceeds the de Broglie wavelength A = 2m/k(x) satisfying Eq. (1) Therefore, the
WKB approximation remains valid for calculating tunneling probabilities in such devices. This justification is consistent
with the standard analysis presented by Karnakov and Krainov [14] and more recent works extending WKB theory to
Dirac-like materials and two-dimensional tunneling systems [15,16].

Consequently, in the modeling of tunnel diodes presented in this paper, the first-order WKB term provides an
accurate estimation of the transmission coefficient:

T(E) = exp [—2 fxx: k(x)dx] @)

Where k(x) = zh—nzl* [V(x) — E] is the imaginary wave number in the classically forbidden region. This formulation

ensures that the WKB approximation is applied within its validity domain and that higher-order A2-corrections contribute
negligibly to the total tunneling current. For the transmission coefficient, the following [14-16]:

P =exp (—aT ®
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For the transfer (tunneling) coefficient, we use the following formula, where F — is the internal electric field

4,/2me.
3Fqh’
the Chynoweth model), we arrive at the following expression[1]. We assume that the internal electric field F —is constant

in the range F ~ 103 — 10* %

strength, E; = E; — qV + pp, + ;. = 6 6 = 1 (0 - by employing these relations with the constant parameter of

Hnt ey, —aV (9)
1, = APT de
! { ! - ! JelgV  —E, —qV —¢)
£E-H, E—-u, +qV
exp +1 exp| ————— | +1
() e ()

Now, using this expression and taking into account the diffusion current, we obtain the following expression for the
[-V characteristic of the tunnel diode:

i, =gV
I =APT de+
}[ 8—1 - £- l+ 14 \/S(QVK_Eg_qV_g) (10)
exp A, +1 exp E-4, 797 +1
kT kT

_qV
+1,| exp| — |-1
( p( k7 j J
Based on the model presented by Chynoweth, the excess current in a tunnel diode can be expressed as
follows [17,18]:

=D.p= 1 _ 1 _ N S _ B
Iey=D-P f exp(E;;")+1 exp(s—u]:l;qV)_‘_l (1—exp( Eg—qV+ﬂn+/Lp))(1 exp ( Eg_qVJr#nJrﬂp))dg
4.2me 3
6 (Eg—aV+un+up)?
exp (- ——— ) (1)

Here, for the density of states D, we used the model proposed by Kan. Tunnel diodes are required to withstand large
currents and, in some cases, high temperatures. To achieve this, it is advisable to employ either heavy doping of the
semiconductor material or heterojunctions. As a result of these methods, numerous discrete energy levels are formed
within the forbidden band. To simplify the calculations, we assumed the density of states to be unity. In this case, electrons
from the conduction band of the n-type semiconductor can tunnel into the forbidden band of the p-type semiconductor,
where they may first occupy the impurity energy levels, then emit a phonon and transition to other impurity states, and
finally fall into the valence band. Alternatively, electrons may first emit a phonon, then be captured by impurity levels
before transitioning into the valence band of the p-type semiconductor. This process leads to an increase in the minimum
current observed in the I-V characteristics of tunnel diodes, i.e., the excess current. When light is absorbed in a
semiconductor diode, electron—hole pairs (EHPs) are generated. Their flow contributes to the external circuit, producing
a photocurrent denoted as —I,,. When the diode is illuminated, each absorbed photon generates one electron-hole pair. If
these carriers reach the contacts before recombining, they contribute to the current [19-21]. The incident light intensity
on the diode is denoted by P;,, . The energy of each photon is given by:

E=— (12)

Photocurrent in a tunnel diode arises due to photon absorption and is proportional to the incident optical power. By

relating the photon flux to the optical power and introducing the external quantum efficiency #, the photocurrent
expression is derived as:

Pind
Lpn = qn ="~ (13)
n — external quantum efficiency (0 <# < 1), that is, how many photons are converted into carriers, # — Planck’s constant,

c— the speed of light.

Phonon absorption (E; — hw):

An electron absorbs phonon energy and thereby gains additional energy. As a result, even an electron that would
typically be unable to overcome the barrier may participate in the tunneling process. This opens a new tunneling channel,
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increasing the total current. In the band diagram, this corresponds to an electron originating from a lower-energy level,
which, with the assistance of a phonon, is elevated to a higher state and then undergoes tunneling.

RESULTS AND DISCUSSION
The expression for the total current of the tunnel diode, accounting for the photocurrent, is given by the following
formula:
I=1Ip+Ix+ Ilgp + Ly (14)

Phonon emission (E, + hw):

During tunneling, an electron emits a phonon, thereby losing part of its energy. As a result, the initial energy required
for tunneling becomes higher. In this case, the number of electrons capable of tunneling decreases, and consequently, the
total current is reduced. In the band diagram, an electron originating from a higher-energy state undergoes tunneling and,
by emitting a phonon, transitions to a lower energy level [11-13,20-23]. If we supplement expression (7) given above
with the corresponding additional terms, we obtain

My + 1, —qV —qV
1=APT de+1, — -1
l ! - ! Je(aVe—E,—qV —¢) O[eXP( ij J
ex (ﬂ) (MJ
P +1 exp +1
kT kT
1 1 E E
e - 1= exp (-2 )) (1 = —exp (- 2))de
f exp(%)+1 exp(%)+1 ( Xp Eg—qV+un+up ( xp ( Eg—qV+#n+llp))
4./2me 3
0 (Eqg—qV+un+up)2 X
h g 14 PinA
exp (———— )+ aqn = (15)
3
The transmission coefficient of the tunnel diode when a phonon is absorbed P = exp (— M}; when emitting
3
a phonon, it takes the form P = exp (— w)

Equation (15) represents the generalized current model of the tunnel diode, incorporating photocurrent contributions
[16]. The total current of the tunnel diode is highly sensitive to incident optical flux and wavelength, with the photocurrent
leading to a noticeable shift in the current—voltage characteristics. As the incident optical power (Pin) increases, the
photocurrent rises proportionally, directly shaping the diode’s I-V curve. Figure 1 presents the calculated -V
characteristics for different illumination intensities (Pin) and wavelengths (A). The plots illustrate the effects of incident optical
power (Pin = 100-500 W/m?) and illumination wavelength (A = 650 -850 nm) on the total current, including cases where both tunneling
and photocurrent contributions are included. The results indicate that an increase in optical flux enhances the overall current,
while shorter wavelengths (corresponding to higher photon energies) improve the efficiency of the tunneling process.
The calculated three-dimensional [-V—P;, characteristic of the tunnel diode is shown in Figure 2. The plots demonstrate
that increasing optical intensity increases the photocurrent, shifting the total current surface.
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Figure 1. Calculated current—voltage characteristics of the Figure 2. Three-dimensional current—voltage—optical power
tunnel diode under different optical excitation conditions. (I-V-Pin) surface characteristics of the tunnel diode for different
wavelengths (A = 650, 850, 1100 nm).

The graph represents the sum of tunneling, diffusion, and photocurrent contributions for different wavelengths. As light
intensity increases, the photocurrent rises, shifting the overall characteristic vertically. These findings confirm the strong
optical sensitivity of tunnel diodes and highlight their potential for photodetection and advanced optoelectronic devices.

The current—voltage (I-V) characteristics of the p—n tunnel diode were measured both in complete darkness and
under controlled optical illumination. In the absence of light, the dark current Iy, is dominated by direct band-to-band
tunneling, enabled by the extremely high doping levels and the narrow depletion region characteristic of tunnel diodes.
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Under illumination, the total current increases to
Light = ldark + Ion

where I ;is the optically generated photocurrent. At low and moderate biases, the illuminated I-V curve exhibits an
approximately constant upward shift relative to the dark curve, corresponding to the bias-independent I,. At higher
electric fields, especially near the resonant tunneling region, photocurrent alters both the peak and valley currents because
the internal electric field distribution is modified. This effect is enhanced by field-dependent absorption due to the
Franz-Keldysh effect, which changes the tunneling probability and therefore slightly modifies the Peak-to-Valley
Ratio (PVR).

The photocurrent under monochromatic illumination of power P, —and photon energy —hv is given

L., = Pin
ph — QTIH

where q is the electron charge and 7 is the external quantum efficiency (EQE) of the device (fraction of incident photons
producing collected carriers). Photosensitivity (responsivity) is defined as
S(/D _ Ilight - Idark
P opt
In structures operating near the band edge, the Franz—Keldysh effect becomes significant. The enhanced
electroabsorption leads to sub-bandgap optical response and shifts the spectral sensitivity curve toward longer
wavelengths. As the bias increases, the absorption tail broadens, and oscillatory structures may appear due to modulation
of the joint density of states [24-28].
To experimentally obtain the spectral response:
-The incident optical power P, (4)is calibrated at each wavelength using a reference photodiode.
-The diode current is measured in darkness (Ig,) and under monochromatic illumination (jjgh (1))
-The spectral responsivity is computed as

(hight(A)—Idark)

S =" @

A plot of S(A)vs. A — reveals the Franz—Keldysh absorption tail below the nominal bandgap.
For a shot-noise-limited photodetector, the dominant noise source is the dark current. The noise current over a detection

bandwidth Af —is
Op =+ 2qlganAf

Ln hight = ldark

The linear signal-to-noise ratio is

SRN[ ==
"o, V24l aarkay
In decibels:
_ hight—Ildark
SRNap = V2aTaarkas

Because tunnel diodes inherently exhibit high dark current, the corresponding shot noise is considerable. As a result,
the signal-to-noise ratio (SNR) decreases with increasing bias voltage, which is consistent with the experimentally
obtained SNR—V characteristics shown in Fig. 3 and Fig. 4. Although increasing bias enhances the photocurrent, it
simultaneously increases 4,4, making an optimal operating bias essential.
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Figure 3. The measured current—voltage characteristic in
complete darkness indicates tunneling-dominated conduction.

Figure 4. Three-dimensional mapping of the signal-to-noise
ratio (SNR) dependence on the current—voltage (Iqari—V)
characteristics.
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CONCLUSIONS
In this study, a unified theoretical model for the total current of a tunnel diode was developed. The model
incorporates tunneling current, diffusion current, photocurrent, and the contribution of additional carriers generated
through phonon interactions. This comprehensive formulation enables a clearer understanding of how optical excitation
and phonon-assisted processes influence the tunneling mechanism.

The measured dark and illuminated -V characteristics support the validity of the proposed model. In darkness, the
current is governed by direct band-to-band tunneling, while under illumination the I-V curve exhibits a consistent upward
shift due to the photocurrent. At higher electric fields, variations in the peak and valley currents arise from redistribution
of the internal electric field and Franz—Keldysh-enhanced electroabsorption, leading to observable changes in the Peak-
to-Valley Ratio (PVR). These graphical results confirm the strong interplay between tunneling, illumination, and internal
field modulation.

Numerical simulations further demonstrate that changes in light intensity and phonon energy significantly affect the
[-V behavior of tunnel diodes, particularly near the resonant tunneling region. These findings provide a solid theoretical
basis for optimizing tunnel-diode-based photodetectors, high-speed optical switches, and low-power optoelectronic
components.

Future work may extend the model by incorporating the Tien—Gordon framework and the effects of high-frequency
electromagnetic fields, enabling a more detailed description of photon-assisted and RF-assisted tunneling phenomena.
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MOJEJIIOBAHHSA BAX-XAPAKTEPUCTHUK TYHEJBHUX AIOAIB 3 YPAXYBAHHAM ®OTOCTPYMY
TA ®OHOHHUX ITPOLIECIB
Myxammakon I. Jlagamipsaes!, Mynipaxou K. Ykramosa'?, lllupin Paxmanosa’, Taiipar A. I6axysiaes*
! Hamanzancokuii Oepocasnuti mexnivnuii ynieepcumem, 160103 Hamanean, Yabexucman
2Vuisepcumem biznecy ma nayku, Y3bexucman
3Vpeenucvruil deporcasnuii ynisepcumem, Yzbexucmar
*Vpeenucokuii Oeporcasnuii nedazoziunuii incmumym, Y3bexucman

VY miit cTarTi po3polneHo €auHy MOIENb CTPYMY AUl TYHEIBHHUX AiOo#iB. Mozens BpaxoBye He JHINE TyHENbHHH, nudy3iiiHuA Ta
Ha/UIMIIKOBHH CTPyMH, ajie # ()OTOCTpyM, IO TEHEPYETHCS Mix 9ac ocBimIeHHSA. KpiM TOro, BKIIOYEHO MPOIECH TYHEIIOBAaHHS 3a
JIOTIOMOTOr0 (DOHOHIB, a caMe TIONIMHAHHS (DOHOHIB Ta eMiCi0 ()OHOHIB, IO BUHUKAIOTh BHACTIJOK CIICKTPOH-(OHOHHOT B3a€MOIIi.
Po3paxoBaHi BOJIBT-aMIEPHI XapaKTEPUCTHKH OKa3yIOTh, L0 3arajbHUI CTPYM 3MIILY€THCS BHU3 ITiJ] BILIMBOM ocBiTieHHs. [Toka3aHo,
o (GOTOCTPYM 3pOCTaE MPOMOPLIHHO ONTHYHIM IHTEHCHBHOCTI Ta JOBXKHWHI XBHJI. Y BHMAAKy MONIMHAHHS (DOHOHIB €JIEKTPOHH
OTPUMYIOTb JJOJATKOBY €HEPIil0, TYHEIbHUH KaHall PO3LIMPIOETHCS,  NIKOBHI CTpYyM 30ii1blyeThest Ipuoiu3Ho Ha 15-20%. I HaBmakw,
mig Jac emicii OHOHIB YacTHHA EHEPrii eIEKTPOHIB BTPAYAETHCS, IO 3MEHIIYyE WMOBIPHICTH TYHETIOBAHHS, 4 MIKOBHH CTPyM
3MeHIIy€eThest Mpuoan3HO Ha 10-12%. OTpuMaHi pe3ynsTaTi MOKa3yloTh, IO BpaxXyBaHHSA (JOHOHHUX Ta ()OTOHHHX NPOLECIB 3HATHO
PO3IMINPIOE TOTEHI[Ia) 32aCTOCYBAHHS TYHETBHHX JI0MIB B ONITOSIEKTPOHHHX Ta (DOTONETEKTOPHUX MPUCTPOSIX. 3aIIPOIIOHOBAHA MO
3a0e3nedye TEOPeTHYHY OCHOBY JUISI PO3POOKM TYHENBHHX MIOJIB SIK BUCOKOYACTOTHHX, CBITJIOUYTIMBHX Ta €HEProe(eKTHBHHUX
MIPUCTPOIB.
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