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The trap-assisted tunneling (TAT) current in tunnel field-effect transistors (TFETs) is one of the

crucial factors degrading the sub-60 mV/dec sub-threshold swing. To correctly predict the TAT

currents, an accurate description of the trap is required. Since electric fields in TFETs typically

reach beyond 106 V/cm, there is a need to quantify the impact of such high field on the traps. We

use a quantum mechanical implementation based on the modified transfer matrix method to obtain

the trap energy level. We present the qualitative impact of electric field on different trap configura-

tions, locations, and host materials, including both semiconductors and oxides. We determine that

there is an electric-field related trap level shift and level broadening. We find that these electric-

field induced quantum effects can enhance the trap emission rates. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4972482]

I. INTRODUCTION

The inherent band to band tunneling (BTBT) principle

in tunnel field-effect transistors (TFETs) can alleviate the

sub-threshold swing (SS) limit of MOSFETs for low-power

applications.1,2 Due to the usual low on-currents in Si

TFETs, an extensive study is ongoing in pursuit of alterna-

tive device materials and structures whereby the heterostruc-

tures look quite promising.3–8 However, new materials and

heterostructures may result in significant trap concentrations

at semiconductor-dielectric interfaces or heterostructure

interfaces. In fact, the SS degradation in TFETs is presently

associated with trap-assisted tunneling.9,10 In MOSFETs, the

impact of trap-assisted tunneling (TAT) is also noticeable in

Stress-Induced Leakage Currents (SILC)11 and in Gate-

Induced Drain Leakage (GIDL).12 Therefore, an in-depth

understanding of TAT in semiconductor devices is essential

to assess the device capabilities. This requires sufficiently

accurate theoretical models.

While the external influence of electric field on the TAT

has been studied rigorously, its intrinsic impact on the trap

characteristics has received less attention.13,14 Since the elec-

tric field in TFETs can readily reach beyond 1 MV/cm in

both semiconductor and oxide, we explore the implications

of such high electric field on the trap energy level and its

possible effects on the emission rates. In particular, we

investigate the significance of the trap level shift and

broadening.

The presence of traps establishes a band discontinuity

on the sub-microscopic scale.15 The corresponding electro-

statics is similar to that of heterostructures. Hence, the trap

system in semiconductor devices can conveniently be

configured as a quantum well in the electrostatic potential.

Analogous to the determination of quasi-bound and resonant

states of semiconductor heterostructures, we will determine

the characteristic trap energy level in the presence of an elec-

tric field by a quantum mechanical implementation based on

the transfer matrix method. The content of this paper is orga-

nized as follows. In Section II, we present the formalism and

the numerical implementation for trap level extraction. The

impact of electric field on semiconductor traps and on differ-

ent trap configurations is presented in Section III. Section IV

considers the impact on the oxide trap characteristics. The

electric field impact on the emission rates of semiconductor

and oxide traps is discussed in Section V. Finally, we con-

clude this paper in Section VI.

II. FORMALISM AND NUMERICAL PROCEDURE

Over the years, numerous approaches have been pro-

posed to find the quasi-bound and the resonant states of het-

erostructures. These approaches can be broadly classified as

“large matrix,” involving a full system Hamiltonian,16,17 and

“small matrix,” based on the transfer method.18 Among the

small matrix based approaches, the modified transfer matrix

(MTM) method is preferred for our investigation of the elec-

tric field effect on the trap level in a one dimensional struc-

ture.19 The choice for the MTM method is based on its

computationally efficient numerical implementation. In addi-

tion to this, the abrupt transition of the electrostatic potential

at a heterointerface, which will be used to configure the trap,

can be handled efficiently. However, the extension of the

MTM method to higher dimensional (2D or 3D) heterostruc-

tures, which are beyond the scope of this article, is uncer-

tain20 and hence other approaches may be required. In this

article, the different cases of semiconductor traps are studied
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with a one dimensional single quantum well, which has the

same effective mass as the surrounding semiconductor, while

a MOS capacitor (MOS-CAP) system is used for analyzing

oxide traps. The traps are assumed to be invariant planar

structures in the other two dimensions.

The exact theory of the MTM method is detailed in

Ref. 21. In this method, the 1D heterostructure is assumed to

be composed of segments. Assuming for simplicity that the

wavevector orthogonal component ~k? ¼ 0 in the extreme

contact regions, the effective mass based 1D-heterostructure

Schr€odinger equation is solved for each segment, while tak-

ing into account the appropriate continuity conditions for

each pair of subsequent segments. This set of equations is

then transformed into self-contained segment matrices

known as the transfer matrices. These matrices relate the

wavefunction coefficients of subsequent segments. The

asymptotic regions beyond the left-most and right-most seg-

ments are configured with a constant potential. Properly con-

ditioning the behavior of the wavefunction in these

asymptotic regions results in the so-called asymptotic Jost

matrix. The determinant of the Jost matrix provides the reso-

nant or quasi-bound states of the system.19

The flowchart in Fig. 1 represents the full numerical pro-

cedure. The energy range of interest, which spans over the

electrostatic potential of a trap configuration, is an input to

the solver. The characteristic roots of the asymptotic transfer

matrix system can efficiently be determined from the itera-

tive Newton-Raphson method and represent the trap energy

level Et (see Fig. 2). The correctness of the proposed numeri-

cal scheme is confirmed with the spectral values and the

corresponding wavefunction shapes of the resonant states of

the heterostructures outlined in the literature.16,19

At high electric field, the broadening of a resonant state

is expected. Therefore, the solver is extended with an optimi-

zation routine to determine the broadening of the trap energy

at high fields. The solver calls for this routine only if the

maximum probability density of the wavefunction inside the

trap region has decreased with less than 50% at 1 leV from

the extracted energy Et.

The optimization routine compares the wavefunction

probability density peaks within the trap region and locates

the energy interval corresponding to the full-width half-

maximum (FWHM). During this optimization routine, the

imaginary component of the energy returned by the Newton-

Raphson method is decreased to a negligible value in order

to avoid an unphysical exponential increase of the plane-

wave amplitude in the lower potential contact region (right

contact in Fig. 2). To compare probability densities at differ-

ent energies for quasi-bound systems, the assumption is

made that the E – k relation in the contact is linear in the

range of trap levels of interest. Given the previous assump-

tion that ~k? ¼ 0, and the typical proportionality jE� Ebj
� k2 (with Eb a band extremum), this assumption implies

that the energy window of interest is far away from the mate-

rial’s band edge in the lower-potential contact region. Under

these conditions, the state density at different energies is

constant in the lower-potential contact region. The wave-

function densities are therefore normalized to this value. To

compare probability densities in a bound system, delta-

normalization is used.

III. IMPACT OF ELECTRIC FIELD
ON SEMICONDUCTOR TRAP LEVEL

The impact of a TFET-like source-channel junction

field on the trap is analyzed with different quantum well

configurations in a uniform electric field. Fig. 2 illustrates

the characteristic resonant state and the corresponding

wavefunction of the square well (SW) trap structure at lowFIG. 1. Numerical scheme to find the trap level and FWHM spectral range.

FIG. 2. The electrostatic potential (solid black), the characteristic level

(Et � �0:002 eV), and the corresponding wavefunction of a 2 nm-wide trap

in a 30 nm long In0.53Ga0.47As region at 100 kV/cm. EF
i is the energetic dif-

ference between EC and Et, taken at the trap center.
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uniform electric field (F¼ 100 kV/cm). The system under

consideration is a 30 nm long section of In0.53Ga0.47As. At

zero field, the arbitrarily chosen well depth and width are

0.5 eV and 2 nm, respectively. The first bound state of the

system is at 169 meV from the top of the conduction band

(Ei¼ 169 meV) and could represent a shallow donor-like

trap.

The sharp low-field energy level shown in Fig. 2 broad-

ens into a spectral range ½EL
t ;E

U
t � at 750 kV/cm field strength

as shown in Fig. 3(a). The densities in correspondence with

the levels EMax
t ; EL

t , and EU
t are illustrated in Fig. 3(b). It is

evident from the comparison of Figs. 2 and 3 that this broad-

ening signature can be attributed to the leakage of the trap

wavefunction into the adjacent lower potential region (right

side in Fig. 3).

For the SW trap configuration in Fig. 2, the electric field

is varied from 0 to 3 MV/cm. The resultant trap level shifts

are plotted against the respective fields in Fig. 4. The level

shift is calculated as the difference between the zero-field

trap level Ei and the non-zero field trap level EF
i , whereby

the trap level EF
i is the energetic difference between EC and

Et, taken at the trap center (see Fig. 2). We show the shift of

the most probable level (Max), the lower bound of the

FWHM spectrum (L), and the upper bound of the FWHM

spectrum (U).

In Fig. 4, the level broadening for the above trap con-

figuration increases with electric field. Such signature is

due to a reduction in potential barrier and hence an

increase in leakage into the continuum states of the lower

potential region. Additionally, the curve symbols change

from closed to open as the probability density of the level

becomes marginally peaked in the trap SW, this is, as the

wavefunction becomes non-local. Note that the energy

level corresponding to the maximum density need not be at

the midpoint of its FWHM spectral range, as can be seen

from Fig. 4.

Fig. 5 compares the level shift lines for a reduced width

SW and a Coulomb well (CW) with the previously defined

SW (Fig. 2). Note that the energetic depth EF
i increases, as

the depth as well as the width of the trap well increases. The

energetic distance from the quantized energy level Et to the

bottom of the well increases with increasing trap depth and

decreasing trap width. However, the different trap configura-

tions are defined such that their zero-field trap energy levels

Ei are identical (see inset of Fig. 5). It is apparent that the

level shift and the level broadening depend on the barrier

type. The 1 nm- wide trap encounters an increased effective

barrier width and hence a smaller level shift than the 2 nm-

wide trap. The Coulomb trap experiences a hyperbolic bar-

rier, which is smoother than the triangular barrier of SWs in

an electric field. This results in a smaller effective barrier

and hence a larger level broadening than that of a SW. From

Fig. 5, the impact of well-known barrier lowering (Poole-

Frenkel effect)22 can also be seen as the early out-shift (open

symbols) of the CW trap level compared to the SW level.

Therefore, the particular choice of the trap potential23 in

device electrostatics may have a quantitative impact on the

predicted trap-based current.

FIG. 3. (a) The electrostatic potential and the characteristic sub-levels

(EMax
t � �1:003 eV; EL

t � �1:034 eV and EU
t � �0:962 eV), (b) The wave-

functions corresponding to the trap levels of (a), for a 2 nm-wide trap in a

30 nm long In0.53Ga0.47As region.

FIG. 4. Trap level shift and broadening as a function of electric field for the

2 nm-wide SW of Fig. 2. The closed and open symbols represent the locali-

zation and non-localization (no energy barrier left at one side of the trap) of

the trap-level Et in the SW.
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IV. ELECTRIC FIELD DEPENDENCE OF OXIDE TRAPS

The formalism of the trap spectrum extraction (Fig. 1) is

now used to determine the intrinsic characteristics of oxide

traps in the presence of an electric field in a MOS-CAP system.

In particular, we study the traps in PolySi/SiO2/p–Si and Al/

HfO2/p–In0.53Ga0.47As MOS heterostructures. In both of these

structures, the substrate is doped with 1017 at/cm3 p-type con-

centration, while the oxide thickness and the substrate depth

are 4 nm and 175 nm, respectively (see Fig. 6). The trap in the

oxide is configured with a constant 0.5 nm wide SW. These

MOS structures are biased from accumulation to inversion.

For the PolySi/SiO2/p–Si MOS system, the 0.5 nm wide

SW type trap configuration is positioned at 1 nm from the

SiO2/p–Si interface in the SiO2 (see Fig. 6). The depth of

the well is varied from 2.05 eV to 3.55 eV with reference to

the SiO2 conduction band edge. This combination of the

MOS and the oxide trap structure is subjected to external

applied biases. The resulting field induced trap level shifts

and broadenings are plotted against the oxide field strength

in Fig. 7. It is noticeable from this figure that the level shifts

and level broadenings are quite low in comparison with the

ones for the semiconductor traps of Fig. 5 due to the higher

effective mass and barrier heights in the oxide (Ei> 2 eV,

m�SiO2
� 0:5m0)24 compared to the semiconductor trap con-

figurations (Ei¼ 0.17 eV, m�InGaAs � 0:043m0).

In accumulation, the levels shift in opposite direction to

inversion. The negative level shift with increasing accumula-

tion is due to the combined effects of the lowering of the

substrate conduction band maximum (CBM) and lowering of

the effective barrier height shown in Fig. 6(a). In contrast,

the rise of the substrate CBM and the barrier height (see

Fig. 6(b)) results in the positive level shift of the trap level

with increasing depletion. The data in Fig. 7 also show that

the level broadening is inversely related to the depth of the

trap level, which is expected since deeper traps allow for less

leakage.

The impact of the distance of the trap from the oxide-

substrate interface is illustrated in Fig. 8. The trap is config-

ured with a constant 0.5 nm wide and 3.05 eV deep SW

inside SiO2. The position of the trap is varied in the range of

1.75 nm–0.25 nm from the SiO2/p–Si interface. It is evident

from Fig. 8 that the level shifts and broadenings depend on

the leakage of its wavefunction through the tunneling barrier:

these field-induced quantum effects are more pronounced

when the trap is positioned closer to the SiO2/p–Si interface.

Note that for these trap configurations, the trap level is

found to be around 1 eV above the substrate CBM at zero-

field condition. As the bias brings the MOS capacitor more

FIG. 6. A PolySi/SiO2/p�Si MOSCAP with an oxide trap: (a) the conduction

band energy in accumulation and (b) the conduction band energy in inver-

sion. The oxide trap is configured as a 0.5 nm wide and 3.55 eV deep SW

and is located at 1 nm from the SiO2/p�Si interface.

FIG. 7. Level shift (solid) and broadening (dashed) as a function of oxide

electric field for the 0.5 nm-wide SW oxide-trap configuration in the PolySi/

SiO2/Si MOS system. The traps are at 1 nm from the oxide-substrate inter-

face and have varying well-depth configurations.

FIG. 5. Level shift and broadening as a function of electric field for the 2 nm-

wide SW, 1 nm-wide SW, and the CW trap configurations. The open symbols

represent the non-local trap states. The inset illustrates the described trap con-

figurations at zero-field and the wavefunction probability densities for the

indicated trap levels.
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in depletion, the trap level moves closer to and eventually

below the substrate CBM. From the latter bias condition on,

the trap level is fully localized (from a quasi-bound to a

bound state as indicated in Fig. 8) and the level broadening

disappears. The level values in the transition region indicated

with a black dashed box are not reliable, as the approxima-

tion of fixed state density (in the lower potential contact

region) no longer holds close to the conduction band edge.

Hence, the comparison between the trap energy levels is no

longer straightforward. The kinks observed in the depletion

regime of the 0.25 nm spectral line are due to the coupling

between the localized trap state and the quantized-inversion

states in the substrate.

The oxide trap level characteristics also depend on the

oxide material parameters such as the effective mass. An

example is described in Fig. 9. With the 1 nm position away

from the oxide-semiconductor interface of a 0.5 nm wide

SW trap, the trap well-depths for both MOS systems in

Fig. 9 are varied such that the energetic distance of the trap

levels from the respective substrate conduction band edge is

identical at zero-field condition. The substantial level shifts

and broadenings of the Al/HfO2/In0.53Ga0.47As MOS system

can be ascribed to the lighter electron effective mass (m�HfO2

� 0:11m0; m�InGaAs � 0:043m0) than in PolySi/SiO2/p–Si

(m�SiO2
� 0:5m0;m

�
Si � 0:09m0).24 The gradual disappearance

of the level broadening by the depletion region and the corre-

sponding inter-state coupling (between the bound trap and

the bound substrate states) for the Al/HfO2/In0.53Ga0.47As

MOS system can also be noticed in Fig. 9.

V. IMPACT OF LEVEL SHIFT ON THE EMISSION RATES
OF TRAPS

The field induced level shift and broadening will impact

the prediction of trap related capture and emission rates in

semiconductors and oxides as well as the calculation of TAT

currents. One example is shown in Fig. 10, which graphically

depicts the TFET electrostatics during the off-state. For the

indicated mid-gap trap, the strong band bending owing to the

high doping concentration in the TFET source can result in

an apparent trap spectrum as opposed to the presumed sharp

trap level in literature13,14 (Et). The lower bound of the spec-

trum can be responsible for larger TAT currents in TFETs,

as the carriers can advance through this spectrum with higher

probability since capture requires less thermal energy for a

TAT event (n<m), assuming that the tunneling process of

the TAT event is very efficient.

In this article, we present first steps towards a TAT cal-

culation by determining the semi-classical average emission

rate from a trap in the presence of an electric field. In

FIG. 8. Level shift (solid) and broadening (dashed) as a function of oxide

electric field for the 0.5 nm-wide 3.05 eV deep SW oxide-trap configuration

in the PolySi/SiO2/Si MOS system. The traps are at varying distance from

the oxide-substrate interface. The trap-level is at around 1 eV above the sub-

strate conduction band edge at flat-band voltage condition. The black dashed

box represents the transition from quasi-bound to bound systems.

FIG. 9. Level shift (solid) and broadening (dashed) as a function of oxide

electric field for the 0.5 nm-wide SW oxide-trap configuration in PolySi/

SiO2/Si and Al/HfO2/InGaAs MOS systems. The traps are at fixed distance

of 1 nm from the oxide-substrate interface and are with 3.05 eV and 3.5 eV

well-depth configurations, respectively. The trap-levels in both MOS sys-

tems are at 1 eV above the substrate conduction band edge in flat-band volt-

age condition. The quasi-bound to bound transition region is indicated with

a black dashed box.

FIG. 10. Graphical illustration of the impact of electric field on the TAT in a

simple p-i-n TFET in the off-state.
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TFETs, the TAT current associated with a specific trap state

is proportional to its emission rate. We follow the work in

the literature22,25 describing the field-dependent emission

rates. The phonon-assisted emission rate formula for the SW

and the CW is modified to account for the field-induced

quantum effects on the trap level. The broadening of the trap

level is implemented as a summation of emission rates

weighted with probability density and normalized with the

total sum of the probability densities of all sub-levels in the

spectrum, whereby the spectrum is linearly discretized.

This results in the following average emission rate henFi
for the SW type semiconductor trap configuration with field-

induced quantum effects (see also the inset to Fig. 11 for

symbols’ use)

henFi
en0

¼

XU

l¼L

vl exp
dEl

kBT

� �
1þ

ðEl=kBT

0

dz exp z� z3=2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m� kBTð Þ3

q
3q�hF

0
@

1
A

8<
:

9=
;

2
64

3
75

X
l

vl

; (1)

where

en0 ¼ e1n exp
�Ei

kBT

� �
; vl ¼ jw xp;Elð Þj2; z ¼ El � Eth

kBT

and where e1n ð¼rn0hvthiNC
DOSÞ is the zero-field emission

rate coefficient, rn0 is the zero-field capture cross section,

hvthi is the average thermal velocity of the carrier, NC
DOS is the

effective density of states in the conduction band, vl is

the probability density peak value for the trap sub-level El

(xp being the position of the peak), El is the trap sub-level at

the trap center measured from EC, dEl (¼ Ei – El) is the trap

sub-level shift compared to the zero-field value, Eth is the net

thermal energy which the carrier uses to emit from the trap, kB

is the Boltzmann constant, and T is the temperature. In Eq. (1),

the exponential pre-factor (exp fdElg) reflects the dependence

of the emission rates on the level shift and the summation

over l denotes the impact of broadening. Similarly, the

average emission rate for the CW type trap can be extended as

Eq. (2)

henFi
en0

¼

XU

l¼L

vl exp
dEl

kBT

� �
exp

dEPF
i

kBT

� �� �
X

l

vl

þ

XU

l¼L

vl exp
dEl

kBT

� � ðEl=kBT

dEPF
i =kBT

dz exp z� z3=2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m� kBTð Þ3

q
3q�hF

0
@

1
A

1� dEPF
i

zkBT

� �5=3
" #8<

:
9=
;

2
64

3
75

X
l

vl

: (2)

In Eq. (2), the barrier lowering ðdEPF
i ¼ q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qF=pere0

p
Þ22

responsible for the Poole-Frenkel mechanism is unvaried

with respect to the described effects. In the expression of

dEPF
i ; er and e0 represent the relative permittivity of the host

material at high frequency and the vacuum permittivity,

respectively.

The emission rates of Eqs. (1) and (2) are applied to

the Cr acceptor impurity22 with rn0 ¼ 10�14 cm2 in GaAs

(see inset of Fig. 11). This trap is configured as SW and

CW ð�Zq2=4pere0jxjÞ with Z¼ 1, eGaAs
r ¼ 12:9e0. The

ionization energy of this impurity in GaAs is 0.8 eV and

is considered to be the ground state of an isolated trap

(Ei¼ 0.8 eV).22 Therefore, the SW is specified with an

approximately one lattice constant (0.6 nm) wide and

2.4 eV deep specification, while the CW is configured as a

0.6 nm wide at the bottom and 2.8 eV deep hydrogenic well.

Fig. 11 replicates the results of phonon-assisted emission

rates22 at room temperature (300 K), superimposed with

the modified emission rates of Eqs. (1) and (2). Considering

the impact of the level shift alone (replacing the summation

of l with Max in Eq. (1)), the emission rates are marginally

impacted compared to the emission rates of the fixed Cr

level for the SW (dashed blue and red emission lines in

Fig. 11). The combined effect of level shift and spectral

broadening can further enhance the emission rates for both

trap configurations. This increase in emission rates is most

pronounced in the high-field region and is negligible below

1 MV/cm.
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The emission rate equations Eqs. (1) and (2) are lim-

ited to the triangular and hyperbolic barriers, respectively.

In addition to this, the effective density of states into which

the trap states can leak is assumed to be an abundant con-

tinuum of free states. However, the oxide-traps in a MOS

capacitor system experience finite-width trapezoidal-like

barrier structures. This example is illustrated in Fig. 12.

For a SW-type oxide trap configuration of Fig. 12, the trap-

ezoidal barrier can be treated as the combination of a

triangular-type barrier and a fixed-width barrier. This

results in the following emission rate expression for a fixed

trap level:22

enF

e1n
¼ exp

�Ei

kBT

� �
1þ

ðEr=kBT

0

dz exp z� z3=2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m� kBTð Þ3

q
3q�hF

0
@

1
A

8<
:

9=
;

2
64

3
75

þ exp
�Ei

kBT

� � ðEi=kBT

Er=kBT

dz exp z� zþ qFlt
2kBT

� �1=2
2lt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�kBT
p

�h

� �( )" #
; (3)

where lt is the tunneling length for a fixed-width barrier,

Er is the energy at which the triangular barrier changes

into a fixed-width barrier (see Fig. 12) measured from the

oxide conduction band edge and at the center of the trap.

The first integral of Eq. (3) corresponds to the emission

through a triangular-type barrier. The emission through a

fixed-width barrier is given by the second integral term of

Eq. (3). This fixed-width barrier emission is based on the

standard WKB-approximation for the tunneling probabil-

ity through a finite barrier. In this integral term, the tunnel-

ing through a barrier is assumed to occur with an average

imaginary wavevector (Kav
i in Fig. 12) corresponding to

the value of the imaginary wavevector at the center of the

barrier. The field-induced level shift and the broadening is

now added into Eq. (3) and results in the following aver-

age emission rate:

henFi
e1n
¼

XU

l¼L

vl exp
�El

kBT

� �
1þ

ðEr=kBT

0

dz exp z� z3=2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m� kBTð Þ3

q
3q�hF

0
@

1
A

8<
:

9=
;

2
64

3
75

X
l

vl

þ

XU

l¼L

vl exp
�El

kBT

� � ðEl=kBT

Er=kBT

dz exp z� zþ qFlt

2kBT

� �1=2
2lt

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�kBT
p

�h

� �( )" #
X

l

vl

: (4)

Note that Eq. (4) is used for finding the oxide trap emission

rates which exhibits the level broadening at zero-field condi-

tion, whereas Eqs. (1) and (2) assume a sharp trap level for

the semiconductor traps at zero-field condition.

The field dependent emission rates based on Eq. (4) for the

oxide traps of PolySi/SiO2/p–Si and Al/HfO2/In0.53Ga0.47As

MOS structures with rn0¼ 10�15 cm2 at 300 K are shown in

Fig. 13. The lower branch and the upper branch of each of the

emission rate lines in Fig. 13 correspond to, respectively, the

depletion and accumulation electrostatic domains of the consid-

ered MOS structures and reflect the impact of the effective bar-

rier width towards the substrate. The different cases of the trap

configuration are identical to the ones of Figs. 7, 8, and 9.

Comparison with the fixed-trap level emission rate (determined

with Eq. (3)) shows negligible difference, implying that the

level shift and broadening have a negligible impact in the

considered parameter space. From Fig. 13, the typical decrease

of emission rates with the increase in trap energetic depth can

be noticed. For the case of varying distance of the trap level

from the SiO2/p
–Si interface, the increase in emission rates

with the decrease in barrier width is quite apparent in this fig-

ure. The effect of the decrease in tunneling length tends to

decrease the split between the accumulation and depletion

branches of emission lines. Additionally, Fig. 13 illustrates the

improved emission rates for the HfO2 trap compared to that of

SiO2, which can be related to the correspondingly lower effec-

tive mass in Eq. (4). Also for the HfO2 MOS-CAP configura-

tion, the differences in the trap level shift and broadening (see

Fig. 9) have a negligible impact on the emission rates.

Even though the emission rate model (Eqs. (3) and (4))

has the potential to include any trap-type configuration, it

lacks the ability to account for the relaxation effects13,14,24
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associated with the trapping dynamics. However, this study

provides a reference framework for the expected level shifts

and broadenings, which could be incorporated into the effec-

tive capture and emission barrier heights in models including

the relaxation effects.13,14,24

VI. CONCLUSIONS

We explored the implications of high electric fields on

the characteristic trap energy level. For the planar semicon-

ductor and oxide traps in a one-dimensional structure, we

outlined the numerical procedure to capture the field-induced

level broadening, which is typically hundreds of meV for the

former and tens of meV for the latter at electric fields of 2

MV/cm. The amount of broadening is sensitive to the chosen

trap configuration and therefore future work should include

realistic trap configurations. The field effects are imple-

mented in the existing semi-classical emission rate formal-

ism. We found that the field-induced quantum effects can

increase the emission rates of a semiconductor trap level at

high electric field, while the impact for the oxide traps is

much smaller due to the higher effective mass and higher

barrier heights than those in the former. In summary, the

field-induced quantum effects for the trap level and the asso-

ciated emission rates enhancement in a semiconductor

FIG. 13. Electric field enhanced average emission rates at 300 K as a

function of oxide electric field for different instances of the 0.5 nm-wide

SW oxide-trap configuration in the PolySi/SiO2/Si and the Al/HfO2/

In0.53Ga0.47As MOS systems.

FIG. 11. Replication of the results outlined in Ref. 22 on a different scale,

along with the derived intrinsic impact of the field on the emission rates. FL

stands for fixed trap level, whereas the field effects are reflected in level

shift-only (dash-dot) and the spectrum based emission lines.

FIG. 12. Graphical illustration of the field enhanced emission mechanism in

a finite-width barrier structure. The trapezoidal barrier is treated as a combi-

nation of a triangular-type and a fixed-width type barrier with a common

ionization energy Er.
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device depend on the combined influence of the field

strength, trap charge, trap position, tunneling barrier type,

and the host material parameters. It is expected that the

broadening predicted in our article will impact the trap-

assisted tunneling currents but further study is needed to

make quantitative statements.
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