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Poole-Frenkel electron emission from the traps in AlGaN /GaN transistors

Oleg Mitrofanov and Michael Manfra
Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974

(Received 26 January 2004; accepted 3 March 2004

Defect-related localized electronic states in AlIGaN/GaN transistors give rise to commonly observed
charge trapping phenomena. Electron dynamics through the trapping centers is strongly affected by
electric fields, which can exceed values of Mcm during device operation. The field-assisted
emission characteristics provide a unique way to determine the physical properties of the trapping
centers. We present a detailed study of the effects of electric field and temperature on the rate of
electron emission from the barrier traps in AlGaN/GaN high-electron-mobility transistors. We
demonstrate that for temperatures above 250 K, the Poole-FréPiKekmission is the dominant
mechanism for electrons to escape from the trapping centers. The emission rate increases
exponentially with the square root of the applied field consistent with the decrease of the apparent
activation energy predicted by the PF model. We find that the observed trapping center is described
by the attractive long-range Coulomb potential with the zero-field binding energy0ob eV.

© 2004 American Institute of Physic§DOI: 10.1063/1.1719264

I. INTRODUCTION tional dependence of the rate on the temperature. In the pres-
ence of an electric field, the relationship betweeand E
Defects and impurities introduce localized electronichecomes more complicated. The rate of charge emission
states in semiconductors. Energy levels of some states ligom the traps located in the field region can substantially
within the semiconductor band gap. GaN is known to contairincrease because of the potential barrier lowefirdirect
a large density of defects and dislocations because of the ladknneling, and phonon-assisted tunnelinm AlGaN/GaN
of a native substrate. In addition, it is believed that ionizedHEMTS, the electric field strength in the barrier can exceed
donor states are located on the surface of AIGaNhe lo-  values of 16 V/icm. Electron emission from the traps lo-
calized states can act as charge trapping centers in the strumated in the barrier is therefore strongly influenced by the
ture of semiconductor devices, becoming a limiting factorfield.® Consequently, the electric field enhancement has to be
with regard to the device performance. The trapping effectsaken into account to determine an accurate value of the
are commonly observed in the characteristics of GaN-basezgero-field ionization energy of the defects.
high-electron-mobility transistoréedEMTs).2 Particularly, in In this paper we present a detailed study of the thermal
AlGaN/GaN HEMTs, the modulation of the gate potentialand electric field dependence of the emission process from
results in electron trapping in the vicinity of the gate an electron trap in GaN/AlGaN/GaN high-electron-mobility
electrode* The field of the trapped electrons partially de- transistors. The functional dependence of the emission rate
pletes the two-dimensional electron ga8®EG) in the chan-  on the applied field and the temperature allows unambiguous
nel and limits the source-drain current. The origin of theidentification of the Poole-FrenkéPF) emission mechanism
active traps and their spatial location are currently disputecgt room temperature. In particular, we demonstrate that the
Considerable disagreement in the field arises because of digmission rate increases exponentially with the square root of
ficulties of accurate quantitative characterization of the dethe applied field and that the apparent activation energy con-
fects in the actual devices and wide variation of the materiafistently decreases with the field. Understanding the nature
quality between different groups. There is no doubt that théf the process allows an accurate estimation of the zero-field
understanding of the role of the defects and the mechanisni@nization energy, which differs significantly from the appar-
of the defect formation is required to improve GaN technol-ent activation energy in the presence of the very high electric
ogy. The critical step toward understanding the trapping phefield (~10° V/em). The functional dependence of the emis-
nomena is the identification of the trapping centers, characsion rate on the applied field implies that the ionized trapping
terization of their activation energies, and determining thec€nters are positively charged and they are characterized by
spatial location in the actual devices. Coulomb long-range potential. Furthermore, we estimate the
Impurity or defect states are identified by their Sigm_electric field_ strength acting on the traps and identify their
tures: charge state, ionization energy, and the capture croSgatial location.
section. These characteristics can be deduced by analyzing
fche emission r'ate. of _the trapped charge fr_om the de’Fd_éu_r;. Il FIELD ENHANCED EMISSION
instance, the ionization ener@y of a localized level within
the band gap is related to the rate of thermally activated We first consider mechanisms that enhance the rate of
ionization, e, by an Arrhenius-type relationship. The ioniza- charge emission from trapping centers. In equilibrium, a sys-
tion energy, therefore, can be found by analyzing the functem of trapping centers maintains a constant density of local-
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or first acquire energy from the lattice and then tunnel out
through a thinner barrigiphonon-assisted tunnelingin the
presence of alternative emission processes, the relationship
between the emission rate and the ionization energy de-
scribed by Eq(1) does not capture all of the physics.

The relative efficiencies of the aforementioned emission
mechanisms depend on the temperature. The direct tunneling
is temperature independent and, therefore, it is the dominant
mechanism at low temperatures. As the temperature in-
creases, the electron can escape from the trap through ab-
sorption of a phonon. The pure thermal ionization becomes
more efficient at the elevated temperatures and it eventually
FIG. 1. Energy diagram of the trapping center in the presence of the electrigl']omInates the ?leCtron emI.SSI.0n from .the trap_s. Equatipn
field. Arrows indicate the possible mechanisms of electron emission: therinerefore describes the emission rate in the high-temperature

mal ionization over the lowered barriéPF effecy, direct tunneling(DT) limit.
into the conduction ban@CB), and phonon assisted tunnelitigAT).

ized electrons, determined by balancing of the emission anHI' EXPERIMENT

the capture processes. Using the principle of detailed equi- |, our experiments, the trapping dynamics is studied in

librium and assuming that the emission process is thermallg;an/AIGaN/GaN HEMTs grown by plasma-assisted mo-
activated, one finds that the emission rate from the deep leVgcylar beam epitaxfMBE) on semi-insulating SiC sub-
els in the semiconductor band gapjs related to the ioniza-  strates. The heterostructure consists~& um thick GaN

tion energyE; by the Arrhenius equaticn buffer layer, a 30 nm AJ3Ga ¢\ barrier, an a 5 nm GaN
= capping layer. Strong piezoelectric and spontaneous polariza-
e=AT? ex;{ - ﬁ.) (1) tion effects result in a formation of the 2DEG at the AlGaN/

GaN interface. The density of the 2DEG is-1.2
In the presence of the electric field, efficiencies of the capx 10" cm™? and the room temperature mobility 51400
ture and emission processes may change, leading to a ne?/V's. The transistors are fabricated from the epilayers us-
equilibrium number of the trapped electrons. The effect Ofing optical contact lithography. A &m long Schottky gate is
the electric field is illustrated in Fig. 1 for a trap described bydeposited in the middle of the m long source-drain open-
the Coulomb long-range potential. In the direction of theing. Devices fabricated from three different wafdrs, B,
applied fl?ld, the potential barrier is lowered. An e|<9CtF0ﬂ.and O grown at similar conditions will be discussed. In
now requires less energy to escape from the trap. Thisample C, the top 15 nm of the barrier layer and the GaN
mechanism of the field-assisted emission is known as theapping layer are doped with Si at a levef46m3. The
Poole-FrenkgI effect. The barrier decreases b){ an amouwfevices fabricated from all the wafers have the same design
A ¢pr proportional to the square root of the applied electricand are processed similarly. The details of MBE growth as

field F, well as large signal device performance have been discussed
g\ 12 elsewheré®4The trapping effects observed in the devices
A dpe= ;) \/E=B\/E, 2 fabricated from different wafers are similar. However, the

amplitude of the effects in the undoped devices is typically
whereq is a unit of electron charge, andis the dielectric larger as compared to the devices with the doped barier.
constant of the materidlThe ionization energ¥; appearing The dynamics of the electrons moving in and out of the
in the emission rate equation becomes field dependent, traps is probqu by measuring the induced charge in the tran-
sistor channel.First, electrons are injected into the traps by
Ei(F)= E‘(O)_'B‘/E' ®) applying a short negative filling pulse to the gate. The barrier
whereE;(0)=Ej7 is the binding energy of the electron on the height of the Schottky gate contact is sufficiently large
trap in the zero field. Evaluation of this expression suggesté~1.0—1.5 eV, such that the probability of electron transfer
that the activation energy of the traps located in the region oby thermal activation is small. However, during the filling
high electric field (16 V/cm) can be up to 0.2-0.25 eV pulse, there is a large field across the AIGaN barrier, which
smaller than the zero-field binding energy. As a result, thallows electrons to tunnel from the gate into the semiconduc-
rate of electron emission from the trap is strongly enhancedbr. The number of the trapped electrons increases rapidly
by the field: e(F )=e(0)expQ¢pe/kT), increasing expo- with the duration of the filling pulse and then saturates after
nentially with the square root of the field. ~10 us® In these experiments, however, filling pulses with
In addition to the enhancement of the thermal ionizationduration of 1 us and shorter are used to obtain trapped
the applied field increases the probability for the trappedcharge densities lower than the saturation level and to avoid
electron to escape into the conduction band via tunnelingmission enhancement due to Coulomb repulsion. As the
processegFig. 1. If the bands are sufficiently tilted, a gate potential returns to the initial value, the flow of elec-
trapped electron can either directly tunnel through the barrietrons from the gate reduces and the concentration of the
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FIG. 2. Normalized current differenc&l measured after the filling pulse . . . . L.
(Ve=—3V and7,=350 ns) for different drain voltages in Samplg X. The the trar_13|ents obtained at different bias conditions show ex-
dashed line shows the exponential fit to the tail of the transient. ponential approach to the steady state current level. The be-
ginning of the transients contains a short nonexponential re-
gion, which we attribute to the emission enhancement due to

trapped electrons slowly returns to the equilibrium throughthe Coulomb repulsion. To obtain the emission rate, the long
emission processes. tail of the transient is fitted with the exponential decay func-

The emission dynamics is directly reflected in the chantion shown by the dashed line.
nel current transients. The field of the trapped electrons in- The characteristic emission time=(e) ! quickly de-
duces partial depletion of the 2DEG. The electron densitycreases with the field strengfh suggesting that the emission
variation is proportional to the amount of the trappedfrom the trap is strongly assisted by the applied electric field.
charge® If a potential difference is applied between the The functional dependence of the emission rate on the field
source and the drain, a channel current transient that followis determined by fitting the data(F) for sample A with a
the filling gate pulse reflects the process of electron emissiopower law function (Ire=a+bW). The result of the fitting
from the traps. The rate of current approach to the steadyp=0.53) suggests that the emission rate increases exponen-
state level corresponds to the rate of electron emission frorfially with the square root of the applied field. Figure 3
the traps. shows the emission rate as a function of the square root of

In the experiment, the device is constantly biased in thahe field measured on wafers A, B, and C. The solid lines in
common source configuration. Initially, the transistor is operthe plot show fits to the datae=e(0)exp@+Vp). The
and a steady state curretg® is flowing in the channel. A physical meaning 0&(0) is the zero-field emission rate, and
filling pulse is applied to the gate every 50 ms. The draina is a constant that relates the applied voltage and the low-
current transient following the filling pulse is measured by aering of the trap potential. The zero-field emission rate varies
low insertion impedance 100 MHz bandwidth current probefrom 0.04+0.03 s for wafer A to 0.003-0.001s? for
The electric field in the barrier of the HEMT consists of two wafer C. On wafer variation of the emission rdfer differ-
components: the internal spontaneous polarization and thent devicep is insignificant. The values of constant for
piezoelectric field of the heterostructure and the externatlifferent devices and wafers reside very closely to each other
electric field due to the potential difference between the gatevithin the error bare=6.6+0.5 V2 (T=300 K).
contact and the transistor channel. At the potential difference  The emission rate increases at elevated temperatures,
of few volts, the external electric field magnitude exceedssuggesting the thermal nature of the emission process. The
values of 16 V/cm and becomes the major contribution to activation energy is found from the slope of the logarithmic
the total electric field in the barrier. For traps located in theplot of e T? versus the inverse temperature. Figure 4 shows
barrier, dependence of the emission rate on the electric fielthe emission rate for a sample on wafer C measured at the
is obtained by varying the drain potential. In the linear cur-bias conditions ranging fronVp=4.25V to V=5.75 V.
rent regime ¥ is smaller than the knee voltagéhe fieldin -~ The duration and the depth of the filling pulse are 1000 ns
the barrier is directly proportional to the potential differenceand—4 V, respectively. In the temperature range of 250 K to
between the gate and the drain. 360 K the emission rate follows the Arrhenius behavior of

Typical normalized current transientsAl (t)=|§S Eqg.(1). The extracted activation energy is shown in the inset;
—1p(t) measured on wafer A at different drain bias condi-it decreases with the applied field from 0:0.005 eV at
tions at room temperature are shown in Fig. 2. To fill theVp=4.25V to 0.08%0.005 eV atVp=5.75V. The preex-
traps, a 350 ns long filling pulsés(t)=—3V is applied to  ponential factoA=7+1 s 1K~ 2 remains constant at lower
the gate. The emission of the trapped charge that immedfields and it increases slightly to a level of 4@ s 1K~ 2 at
ately follows the filling pulse is measured ¥g=0V. All Vp=5.75V. As the temperature decreases below 200 K, the
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FIG. 5. The activation energy as a function of the applied voltage for
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FIG. 4. The emission rate as a function of the inverse temperature measureﬁ . . .
at different drain voltages for sample C. The inset shows the activatiofn€ Inverse tgmperatqréFlg. 4)-_ .FOI‘ wafer C,A remains
energy extracted from the data in the high-temperature regime. constant at different bias conditions. Therefore, we can ex-

press the activation energy in terms of the experimentally
o . . measured emission rat&;(F)=KkT In[e(T,F)A 1T 2]. The
emission rate becomes temperature independent. This behg¥sits are plotted in Fig. 5 as open symbols. Excellent over-
ior can be attributed either to the presence of the competingy, petween the curves obtained from the emission rate data
emission mechanisms or to the device self-heating. For wagy gifferent temperatures confirms that the thermal emission
fers Aand B, we also observed the decrease of the activatiog the dominant mechanism. In addition, the activation en-

energy with the applied field. Table | summarizes the experizrgy, experimentally extracted from the temperature varia-

mental results for all samples. tion of the emission ratéshown in solid circles overlaps
well with the data. The emission rate therefore is consistently
IV. RESULTS AND DISCUSSIONS described by Eq4), where the field dependence only enters

the activation energy term.

The zero-field activation enerdy is estimated by ex-
We showed that the electron emission agrees with Poolarapolation of the data in Fig. 5 td, =0, assuming that the
Frenkel model of the trap barrier lowering in the field. Par-activation energy continues following the square root depen-
ticularly, the rate of the emission process increases exponegence on the applied field and that the preexponential factor
tially with the square root of the electric field. In addition, A remains constant at low fields. As mentioned earlier, the

the temperature dependence confirms that the emission froBxperimentally measured value Afis constant for wafers B
the trap is thermal and the activation energy of the procesand C. The extrapolated zero-field activation enekgyis
decreases with the applied field. To identify the trap, we nee@d .54+ 0.05 eV for wafer C and 0.410.05 eV for wafer B.
to find a universal characteristic of the trap, such as the zeran the case of wafer A, the preexponential facfovaries
field ionization energy. Knowing the mechanism of the emis-with the bias conditions. The value increases with the field
sion enhancement, the zero-field ionization energy can bgom A=~1 for Vp=3V up toA=16 for V=5 V. Using
extrapolated from the activation energy data. the value ofA for the low bias condition we findE+=0.39

The thermally activated emission rate is described by the-0.03 eV. A possible explanation for variation of the preex-
Arrhenius expression with the field dependent activation enponential constant is the presence of an alternative tunneling
ergy, emission process. The preexponential factor and the activa-
Er—AdpdF) tion energy measured in the presence of additional emission
e et (4) mechanisms, such as tunneling, are usually underestimated.
The extrapolated value for wafer A therefore should be re-
where Et is the zero-field ionization energy. The preexpo-garded as a lower bound for the zero-field ionization energy.
nential factorA was estimated by fitting the temperature cor-  The data show that in spite of relatively small apparent
rected emission rateT 2 with the exponential function of activation energies measured in all samples, the correspond-

A. Zero-field ionization energy

e(T,F)=AT? exp{ —

TABLE |. Parameters of the trapping center.

Sample e(0) (s} a (V71?3 A(sTTK™?) E, (eV)? Er (eV)
A 0.04+0.03 6.4-0.4 1-16 0.09-0.02 >0.39+0.03
B 0.02+-0.01 5.8£0.6 1.4-0.5 0.065-0.01 0.41-0.05
C 0.003-0.001 6.8-0.5 71 0.15+0.01 0.54-0.05

@Apparent activation energy Mpy=4 V.
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ing trapping center is characterized by the energy level lo- F (v/cm)

cated deep inside the band gap. Variation of the extrapolated 10° ’ . ’ ’
——IDPFF

values in three wafers is probably due to the presence of
alternative emission mechanisms, which affect the value of
the preexponential factok. Determination of the zero-field
ionization energy relies critically on the accuracy of the fac-
tor A. In the case of pronounced variation of the fadipthe
extrapolation to the zero-field ionization energy may result in
substantial errors.

emission rate, e (s™)

B. Three-dimensional Poole-Frenkel effect

In the consideration of the field-assisted electron emis-
sion we used the one-dimensioriaD) PF model. However,
the trapping centers are most likely point defects. A three- /
dimensional(3D) treatment of the Coulomb potential in the 35 40 45 50 55
uniform field predicts electric field and temperature depen- V,(¥)
dences different from Eq4). Following Hartke, the field- L . . .

isted . te in the spherical case can be ex reSSFI . 6. The emission rate as a function of the gate-drain voltage at different
assisted emission rate p p & peratures for sample C. Solid and dashed lines represent the results of

KT 2 B\/E ﬁ\/E the 1D and 3D models.
eleg=|——=| {1+|| —|—1|ex
BF
B+F/KT<5. While this regime is not considered in the ex-

1
KT kT
whereeg, is the emission rate in the absence of the ff8ld. rﬁeriment, extrapolation t@F/kT=0 using the 1D model

2 1

somewhat lower emission rate as compared to (Bp.for

The functional dependences of the emission rate on the te esults in underestimation of parameterThe expression for

perature and the field are more complgx as gompared to tr}ﬂe emission rate in 1D approximation for the high field re-
1D PF model. We note that for the relatively high fields usedgime can be written as

in the present experiments (£@B\F/kT<20), this expres-
sion can be approximated by a simpler form of the 1D PF
effect e/e,=aexp|B*F/kT| with a preexponential con-
stanta=0.174 and a modified constagt =0.9333. It al-
lows the use of the classicélD) PF model, the mathemati-
cal form of which is very simple and convenient for the
fitting. However, the results of the classical model, namely
the parameters, E;, and g require corrections.

The physical meaning of the modified const#it can
be explained as follows. In the one-dimensional case, th
potential lowering in the direction of the fieltd ppr is well
defined, whereas in the spherical case, the barrier lowerin
depends on the emission direction&&prcosé, whered is

Er—B*\F
kT [

The experimentally measured emission rate is well described
by this equation. However, the preexponend&* constant
extracted by fitting the data with E@6) is reduced by the
factor ofa as compared to the 3D model.

Finally we compare the experimental results and the re-
ults of both models. Figure 6 shows the emission rate as a
unction of the applied drain voltage for different tempera-

res. The experimental values are displayed by symbols.

he solid lines show the emission rate calculated using 1D
o I F model [Eq. (6)]. The parametersaA*=6.9 and E;

the angle between the direction of the applied field and thg__) 0.54. The PF barrier lowering is expressed in terms of the

emission direction. Integrated over all angles<(@< 7/2), . . . ) R
the effective average potential lowering is smaller than@PPlied gate-drain potential differenca ¢pe=a” \Vp,

* — * 1
A ¢pe. Therefore, for a given strength of the electric field, Wherec‘;_ =ap /'BI' ;-26 dajhled Itlr?etfw show the resutl_tsl Off tr:e
the emission enhancement is smaller as compared to the p ;[e_eé4|rgensuzjnath mo ef.V\fd et_prf_exponen & tactor
diction of the 1D PF model. Or, equivalently, the field % ~—>%> @n e zero-field activation energfy

strength extracted from the emission rate data using the 1D 0.54 eV. The experimental data are well described by both

PF model is underestimated by the faci3*. The rela- models at temperatures above 250 K. At the lower tempera-

tionship between the applied field and the PF barrier Iower:[u.res’ the emission rate. stz_ays.at a Ievgl that _is subst[antially
ing, specifically the coefficieng, must be modified. higher thap the therm_al ionization rate, indicating the impor-
The activation energy is deduced from the slope oftance of direct tunneling.
In(eT?) plotted as a function of the inverse temperature. Both
models practically overlap in the interval of the measuredc'
temperatures. Therefore the 1D approximation gives an ac- For the deep level trapping centers, the ionization energy
curate estimate of the activation energy without any correcfzero field is mainly determined by the short-range
tions. potential*”18 Even strong electric field up to>610° V/icm
The preexponential constaat<1 implies that for weak imposes only small perturbation of the trapping potential
fields and high temperatures the disagreement between théthin the short distance from the center. The electric field,
1D and 3D model increases. The classic model predicts an the other hand, strongly perturbs the long-range potential

©6)

e(T,F)=aA*T? ex;{—

Trap characteristics
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as shown in Fig. 1. Therefore, the field enhancement of théo the edge singularity. We also note that the high electric
thermally activated emission is determined mostly by thefield at the edge results in the highest level of the tunneling
long-range potential. The functional form of the electric field current during the filling pulse. Therefore the defect states
dependence observed in the experiment is well explained bipcated in this region are more likely to capture an electron.
the PF effect for the attractive Coulomb potential. Other

forms of the long-range potential, for instance, the polariza\V. SUMMARY

tion and the dipole potentials, predict different functional We have described the effect of electric field on the elec-

dependenceS’ We can also rule out @function potential, tron emission from the trapping centers in the structure of

since this ppte_ntia_l has only a short-range compqnent and th,EIGaN/GaN HEMTs. We show that dynamics of electrons in
thermal emission is not affected by f[he electric field. Co.nseénd out of the trapping centers is strongly influenced by the
guently, the observed PF effect indicates that the trap is an

? . electric field in the barrier. The measured characteristics of
attractive center described by the Coulomb long-range poteqhe emission process unambiguously point to the Poole-
tial.

. . Frenkel mechanism. Enhancement of the emission rate in th
The form of the long-range potential also determines the enkel mechanis ancement of the emission rate in the

probability of electron trapping by the center. The appliedpresence of the field corresponds to the decrease of the ap-

o . parent activation ener f the trappin nter.
electric field therefore can affect the capture cross sectlorP. ent activation energy of fhe frapping cente .
o . : From the practical point of view, the understanding of
The variation of the cross section in the presence of the flel%je

. N . . mechanism of the trapping process allows quantitative
g??hzet;tm?ﬁtegetﬁts,%eﬂ?l ;ag:?fﬁgﬁ) ?:ri?eg'fcfk:eszgggi%_e characterization of the trapping centers. The PF behavior in-
. ppIng enl) g I y dicates that the trapping center is described by the long-range
tion electrons, andiii) high probability of electron tunnel- attractive Coulomb potential. Consequently, in the presence
ng. of the field, the apparent activation energy of the trap de-

Co_nS|der a trappmg centgr Qescnbed by the COUIOmk%:reases and should not be used as a characteristic of the trap.
potential. In the uniform electric field, the potential forms a

. : L , ) Since the traps are subject to the electric field during the
maximum in the direction of the field. The distance between P ject fo the € 9
. measurements, the zero-field ionization energy can only be
the center of the trap and the maximum decreases as the .
. N ) extrapolated from the measurements of the apparent activa-
inverse square root of the applied field. For the field strengtrtl.

of 1P V/cm, the distance to the maximum is1 nm. The lon energy by applying the PF model. We show that the

. . . . classical(1D) PF model can be used instead of the more
corresponding equipotential surface forms an ellipsoid eIonE:om lex three-dimensional model in the reaime of high elec-
gated in the direction of the field. An electron can be cap- P 9 9

tured only if its trajectory intersects the surface of the eIIip—trIC field. We find that the energy level of the trap is located

. ’ . . ~0.5 eV below the conduction band minimum, which is sub-
soid, which represents the physical size of the trap. The . I
Stantially deeper compared to the apparent activation energy.

geometrical cross section of the ellipsoid scales as the in: : - . .
verse of the applied field. In addition, the electron is captured agnitude of the PF effect indicates that the active trapping

on the trap only if it loses its kinetic energy. The electroncenters are located in the region of very high electric field

therefore has to undergo a scattering event inside the Volum[e?xceeding 10viem. The field of such strength is concen-
of the trap. As the size of the trap decreases, the effectiveate(j at the edge of the gate contact,

cross section can become significantly smaller than the geol-J b Ibbetson. PT. Fini K.D. Ness. S.P. Den 1S, Speck. and UK
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