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1. Motivation

The total current flowing through the semiconductor heterostructure consists of
thermionic-diffusion-drift and tunnelling components as shown in Figs. 1a and 1b. The
tunnelling component stems from direct and trap-assisted tunnelling (TAT). The
contributions of single types of currents vary with temperature. In this paper we have focused
on comparing the temperature dependences of the two types of tunnelling currents in a real
metal/GaN/AIGaN heterostructure used in the production of various types of sensors.
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Fig. 1. Direct tunnelling (left) and trap-assisted tunnelling (right) in a metal/GaN/
AlxGaN; x/GaN heterostructure. Twelve exchange processes are considered in the model of
TAT. The arrows show the transitions of electrons or holes to or from the trap.

2. Direct tunnelling current
The electron direct tunnelling current density is calculated as [1]
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where 5, is the Fermi-Dirac distribution function
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and Ef° is the electron Fermi quasi level. The total energy E of the tunnelling electron
between points Xm=Xiert and Xrignt IS E=E,+E . Here E, is the electron energy in the direction
perpendicular to the direction of transport and Ey is the electron energy in the direction of
transport. I'e is the tunnelling probability which depends on the of electron energy in the
direction of transport E, and in WKB approximation can be written as
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I*(E,) =exp —@ J. E. (x) - E, dx 3)
because the electron energy in the direction perpendicular to the transport E, is equal to the
energy of the conduction band and at the places between which tunnelling takes place it holds
Ec(Xright)=Ec(Xiert)=Ex. Electron energy in the direction perpendicular to the direction of
transport E; may assume values from zero up to the value of vacuum, which can be
considered infinitely large. Further mg® is the effective electron mass for calculating the
Richardson constant.

3. Trap-assisted tunnelling current

Based on the 12-EXT model [2], the electron trap-assisted tunnelling current density is
calculated as
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where Dy is the multiphonon distribution functions density of trapping centres. The process of
tunnelling of free electrons and holes via trapping centres lying on energy level E; is
supported by interaction with phonons. Description of the interaction of an electron captured
at the trapping level with multiphonons is based on the multiphonon transitions. Instead of
a discrete level E; one has to consider a band of energy levels, see Fig. 1. The probability of
finding a trap at place (&, ;) in the band of energy levels is given by the multiphonon
transition probability M; which is calculated as

M, (e, X) =——"+ (0Fs) exp(\/z +6% - mn(—+mJ S(2f, +1)- 10, 6 ] (5)
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Here S is the Huang-Rhys factor representing the strength of electron-phonon coupling, %o
is the effective phonon energy, fz =(exp(nm,/kT)-1)" is the Bose distribution function, and ¢

and z are abbreviations: 6=|e, —E(|/hoy, z=25, fz(+ fz) . The sign inside the bracket in the

nominator is negative for E.—e>E.E; and positive for E.—&<E.E;. The multiphonon
distribution functions density of trapping centres D; belonging to the trapping level & is
expressed in terms of the multiphonon transition probability M; as
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where N(x;) is the trap density belonging to the primary trapping level E:.
Further, f; is the probability of occupation trap of electron which it is participating
twelve exchange processes
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Twelve exchange processes considered in the 12-EXT model of trap-assisted tunnelling are
schematically shown in Fig. 1b. The formulae for calculating 4 thermal exchange times are
given in Tab. 1 and the corresponding eight tunnelling exchange times [3] are given in
Tab. 2.
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Tab. 1: Thermal electron and hole capture and emission exchange times.
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Here, symbols o ™ and " ™ stand for the effective trap cross-sections for thermal

electron and hole capture and emission, and v&" ™ =,/3kT/m*‘"h are thermal velocities of
charge carriers with effective masses m ™",

Tab. 2a: Four tunnelling electron capture and emission exchange times.
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Here, frp® is the Fermi-Dirac distribution function, see Eqn. (2). T is the tunnelling
probability which is a function of electron energy in the direction of transport Ex=e—JAE and
in WKB approximation can be written as

W j

The overall energy of the tunnelling electron E must be equal to the energy level of the trap
&, therefore if the electron energy Ey in the direction of transport drops by jA jAE then the
electron energy in the direction perpendicular to the direction of transport must be enlarged
by the same amount E,=g+jAE. Summation of the series terminates with the energy
increment AE chosen by a reasonable compromise between the time of computation and
calculation accuracy, when the ratio of the exponential term I'%j for j=0 to N is smaller than
a chosen value, e.g., [%=n/T"%=0<10"°.
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Tab. 2b: Four tunnelling hole capture and emission exchange times.
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In the case of holes, analogical relations can be used to calculate th. Here, symbols

ot "N and o' TN stand for the effective trap cross-sections for the tunnelling electron and

hole capture and emission.
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4. Simulation

The model was employed to simulate metal/GaN/AlxGaN;_x/GaN Schottky
heterostructures. The vertical geometry of the studied structure along with the concentration
profile of ionized shallow donors N°* is given in Tab. 4.

Tab. 3: Vertical geometry of the simulated structure.

Cover Doped Undoped Doped

GaN AlGaN GaN GaN
Thickness (hm) 10 10 30 10
NP* (cm ™) - 1.35x10™ - 1.35x10'®

A number of parameters have to be set in the simulation. The values of parameters are
summarized in Tab. 5.

Tab. 4: The values of parameters used in simulations of I-V curves.

Parameter symbol magnitude | dimension
Schottky barrier height dno 0.876 eV
sheet metal-semiconductor interface charge Pot/q 5.5x101 cm 2
position of the trap level E. E¢ 0.5 eV
concentration of traps N 6.7x10" cm®
effective cross section of the traps for the eh TH 14 2
' o, 1x10 cm
thermal electron and hole exchange times
effectl\{e cross section of the traps_ for the e TUN 1 5x10°%3 om?
tunnelling electron and hole exchange times
Huang-Rhys factor S 55 -
effective phonon energy hax 0.033 eV

The effective electron density of states N, and the longitudinal effective electron mass
in the central (gamma) valley m,' depend on Al concentration only weakly. For calculating
the tunnelling exchange times, effective masses me"=m'=0.2 my were used. Other

parameters, such as spontaneous polarization Py o, ., piezoelectric polarization P&a co -

band gap Ey and band offset AE; of the compound semiconductor AlxGaN;_x depend on the
concentration and distribution of aluminium in the cover GaN and in the doped AlxGaN; x
layers [4].

On applying a reverse voltage we simulated the current density at different
temperatures from 250 K to 375 K with temperature step 25 K, see Fig. 2. The total current

e

consists of three components: trap-assisted tunnelling current J;,;, direct tunnelling current

Jor, and termionic-drift-diffusion current J; ;.. The graph shows very good agreement
between the measured and simulated currents at 300 K. Figure 3 shows the simulated

e

temperature dependence of Ji,+(X,) at the metal/GaN interface at different temperatures.
Simulations reveal that at temperatures above 350 K and reverse voltages above 1.5V the
trap-assisted tunnelling current J;.;(X,,) saturates because thermal exchange processes
dominate over the tunnelling exchange processes. The thermal electron capture and emission
exchange times decrease with increasing temperature much more than the tunnelling

exchange times. The temperature dependence of single mechanisms of charge transport is
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shown in Figs. 4a,b,c. Predominance of the direct tunnelling current JZ.(x,,) at higher
temperatures and reverse voltages is described by the growing value of the internal integral in

Eqgn. (1).
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Fig. 2: Simulated reverse 1-V curves of the
metal/GaN/AlGaN heterostructure at dif-
ferent temperatures.
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Fig. 3: Simulated trap-assisted tunnelling
current J7,; at different temperatures.
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Figs. 4a,b,c: Simulated I-V curves of the total
current density Jror, thermionic-diffusion
component Jre.op (xw), and tunnelling compo-
nents Jor(xu) and Jrar(xw) at the place of the

metal/GaN interface xy at temperatures
250 K, 300 K and 350 K.
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5. Conclusion

A model of direct and trap-assisted tunnelling was employed to simulate 1-V curves of
a metal/GaN/AlxGaN; x/GaN Schottky heterostructure in the temperature range from 250 K
to 375 K. Even though the probability of electron tunnelling is temperature independent, the
tunnelling currents depend on temperature because the Fermi-Dirac distribution function
occurs in their calculation. Simulations showed that direct tunnelling current J°pr and
termionic-drift-diffusion current J*repp are depend on temperature more strongly than
trap-assisted tunnelling current J°rar, see Fig. 5. This is due to the fact that when calculating
the direct tunnelling current the total energy of tunnelling electrons has an unlimited upper
limit whereas in the case of trap-assisted tunnelling the total energy of tunnelling electrons is
conserved constant.

Fig.5: Simulated I-T curves of the
1 thermionic-diffusion component J2__ (x,,),

] and tunnelling components J:¢ (x,) and
Je.(x,) at the place of the metal/GaN
interface xy at reverse voltage V,=2 V.
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