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Two-bands charge transport in silicon nitride due to phonon-assisted trap
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The charge transport in the amorphough\giis studied experimentally and theoretically. We have
found, that widely accepted Frenkel model of the trap ionization gives the unphysical low value of
the attempt to escape factor, and the enormously high value of the electron tunnel mass.
Experimental data are well described by theory of the two-bands conduction and the
phonon-assisted trap ionization ingSj. © 2004 American Institute of Physics
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I. INTRODUCTION hole motion and, therefore, two-bands conductance should
be taken into account. The goal of present paper is the ex-
The localization of electron and holes is the Commonperimenta| Study of Charge transport in SiNr both cases of
property of amorphous semiconductors and dielectriEse  gate voltage polarities and the quantitative comparison of
amorphous silicon nitride SiNx=<4/3) has a property to experiment data with the prediction of the quantum model of
localize electrons and holes with the gigantic lifetime, e.g.the phonon-assisted trap ionization in §ﬁ§|
>10 years at 300 K.The memory effect in SiNis widely
used in silicon nonvolatile memory devicésThe charge
transport in the silicon-oxide-nitride-oxide-silicon devices
with a moderate thickness of Sjié controlled by the charge As the substrate Czochralskitype silicon with the re-
localized in deep traps in the bulk of the §iN'herefore, the  sistivity of 7.50 cm was used for fabrication the metal-
current dependence on the applied voltage or temperature jfitride-oxide-silicon(MNOS) structures. The oxide and ni-
determined by the corresponding dependence of the trap iofiride thicknesses were determined by ellipsometty. The thin
ization rate. Presently, it is widely accepted that the trap iontynnel oxide with the thickness of 1.8 nm was thermally
ization mechanism in S|)N|S Frenkel eﬁ:ect, which assumes grown on silicon at 760 °C. The low pressure chemical va-
the coulomb barrier lowering effect in the high electric por deposited silicon nitride with the thickness of 53 nm was
field> However, experimental data treated within this evaporated at 760 °C. The ratio of SE,/NH;=0.1. Al
model give unphysical low attempt to escape factor such aglectrodes with square>51072 cn? were made with photo-
v=10°-1@ sec’,*  that is, in contrary to the original Fren- lithography.
kel's paper where this value was estimated as
~ 10" sec.* Recently, the Frenkel model was extended to
low temperatures by taking into account the mechanism of!l- THEORY

the thermally assisted tunnélAT) trap ionizatior® The fit- Figures 1a) and ib) shows energy diagram of MNOS
ting of experimental data by this extended model gives th&tyycture for the two-bands model of the electron and hole
enormously high value of the effective mass for the tunnefransport in SN, for both polarities. This model assumes
electron in Si such asm'~4 my." This value is by one  the electron injection into nitride from the negatively biased
order hlgher9 0 than  the  experimental  value contact and the hole injection from the positively biased con-
m*~0.3-0.6m,.” " As it was shown in Ref. 8 this discrep- ¢t

ancy between experiment and theory can be avoided by the  oyr model assumes the possibility of recombinations of
assumption that in SiNthe multiphonon trap ionization - the free electrons with localized holes and free holes with
mechanism is valid: In Ref. 8 experimental data of the |ocalized electrons in the case of equal recombination cross
current dependence on voltage and temperature were fa”%(ections, i.e.;rr:a?:5>< 10723 cr2.2® The carrier transport
well described within the semiclassical approach to the muliy nitride is described within the two-bands model of the
tiphonon trap ionization modeland one-band congligtance. electron and hole drift in dielectric under the applied field.
However, as it was unambiguously establisfiéd’™*the  The model takes into account Shockley-Read-Hall approach
charge transport in SiNs due to simultaneous electron and for the trap population, the continuity and Poisson’s equation
and considers the carrier double injection from the silicon
dElectronic mail: grits@isp.nsc.ru substrate and from the opposite electroélegate) according
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FIG. 2. Configuration diagrams for empty tray(Q) and filled trapU(Q).
E(Q) is energy of bounded electron as function of normalized core coordi-
nateQ.
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Heren, N;, andn, are densities of free electrons, electron
traps, and occupied traps, respectivghandp, are the den-
sities of free and captured holes. We assume the density of
traps for electrons and for holes is equalx,t) is the local
electric field,e is the electron chargey is the cross section
of the trap,v is the velocity of the electron or hole drift, and
e=7.5is the low frequency dielectric constant ofl&j. The
drift electron density and the hole current density are written
asj=erv andj,=—ep. PP is the probability of the trap
ionization per second.

For the charge transport in silicon nitride the crucial
point is the mechanism of trap ionization. Here we consider
two models of trap ionization: modified Frenkel model in-

FIG. 1. Energy diagrams of MNOS structure, for two-bands model ofcluding TAT and phonon-assisted trap ionization. The detail

charge transport in §V,: (a) positive potential on the metal gai®) nega-

tive potential on

the metal gate.

description of TAT can be found in Ref. 8, therefore, here we
only briefly consider quantum model of phonon-assisted trap
ionization.

to the modified Fowler-Nordheim mechanism. The system  Following Makkram-Ebeid and Lannd8,we assume,
evolution is described by the following system of equationsthat the empty trap is neutral and it is some “oscillator” or a

d |t 19j(xt
n&()t( ) . ’;’; ) _ o O[N; = (0]
+ (%, HP™(x,t) = o, vn(x, H)py(x, 1),
% = awn(x, )N, = n(x,)] = ne(x, ) P™(x,t)
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J 1 194t
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+ P, PP (x,1) = oy vp(x, ny(x, 1),

O-Vp(xlt)[Nt - pt(th)] - pt(xit) P(p)(X,t)

= o rp(x,Hn(x,t),
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“core” embedded in the nitride lattice, which can attract the
electron(the electron trapor the hole(the hole trap. Figure

2 shows the potential energy of the core or the so-called
configuration diagram. In this model of the trap the core
behaves as a harmonic oscillator with generalized coordinate
Q and frequencyw. The trapped electrothole) has the en-
ergy level that linearly depends on the core coordinate as

E=- V'?SQﬁw + const., (6)

whereS is the so-called Huang-Rhys coupling constant and
hw is the energy of the associated phonon. Due to the linear
dependence o in Eg. (6) the system composed of the
bound carrier and core is also the harmonic oscillator with
the shifted energy diagram as it is shown in Fig. 2. The trap
is completely defined by the phonon enely,, the thermal
energy Wy, and the optical energy of the ionizatiofy,
which meaning are clear from Fig. 2. In the external field this
composed system can decay into the empty core and the free
carrier(the ionization procegso that the sum of their ener-
gies is equal to the initial energy of the filled trap. Usually
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FIG. 3. Current_—temperature characteristics of MNOS at dlfft_erent app“edFIG. 4. Current-voltage characteristics of MNOS at different temperatures.
voltages. Experimental data are reported by dots and theoretical results are

shown by solid curves. Signs) and (-) correspond to the positive and
negative polarities of applied voltages on the gate, respectively. MNOS

geometry: tunnel oxide thicknesis,=1.8 nm, nitride thicknesdy=53 nm. First we tried to fit the experimental data on the base of

the modified Frenkel model including TAT. Fitting the ex-
L _ _ erimental current temperature dependence in the high tem-
after the ionization process the final state of the core is a'gerature region gives the trap enelyz1.24 eV. The value
9X'ted state and _th|s excess of the energy the core spends&p attempt to escape factor determined by the absolute cur-
induce other lattice vibration modes. The quantum th€ory rent adjustment is=10° sec. For the low temperature the
of this kind of traps gives the following equation for the rate ing of the current value allows to determine the effective

of the trap ionization tunnel mass. However, to adjust the experimental current for
e nWw all applied voltages we have to vary the tunnel mass within
= _&h H i i
P= 2 ex KT the regionm,=m;,=4—-6 my. These mass values are one or-
n=-—o

der higher than the experimentally determined tunnel mass
W, S of the electron and the hole in Sj}0.3-0.6 m.>° So, we
-S cothﬁ(%_ In(W) Pi(Wr +nWp), can conclude that Frenkel model formally describes the elec-
P tron and hole transport in SiNbut leads to the unphysical
(@) low attempt to escape factor, and the enormously large value
— of the effective tunnel mass.
___°eF exp(— ‘_'rﬂwg/z> To fit the experimental data by model of the phonon-
2\V2m= W 3 heF ' assisted trap ionization the varied parameters Weégg Wr,
W, for the fixed values of the tunnel effective massgs
W, — Wy =m,=0.5m,. The procedure of the fitting was very similar to

Pi(W)

S= _OCV— (8 those described Ref. 16. As the result we obtain the follow-

ph ing trap parameters:Wy,=2.8 eV, Wy=1.4 eV, Wy,
wherel,, is the modified Bessel function and the vaRi&V) =60 meV. These values are little bit less than those found in
means the tunnel escape rate through the triangle barrier witRef. 8, because of which we use the two-bands conduction
the height ofw. and the quantum model of the phonon-assisted trap ioniza-

tion instead of one-band conduction and the semiclassical
approximation for the phonon-assisted trap ionizafion.
IV. EXPERIMENT AND THEORY COMPARISON The experimental current magnitude at the negative po-
tential polarity on the metal is about three times larger, than
Two sets of experiments have been performed to obtaimne at the same voltage but for positive potential on metal.
most of the information about the trap ionization mechanismThis feature is reproduced in simulations. The explanation is
For the first set the current dependence on temperature wasat for the negative polarity the main channel for the charge
measured for both bias polarities. For the second one thimjection in nitride is the hole injection and for the positive
current as a function of applied voltage was registered.  polarity is the electron injection through Si/Si@nterface.
The experimental current amplitude dependence on temAs one can see from the energy diagrams, Fig. 1, the effec-
perature at different fixed positive and negative volta@ges tive barrier for the hole is lower than one for the electron on
Al) is reported in Fig. 3 in Arrhenius coordinates BsT 2. Si/SiN, interface. Hence, one can expect that the hole injec-
The current is approximately constant for temperature lowetion should be larger than the electron one for the same mag-
than 200 K and rapidly increases with temperature at thaitude of the field in bottom oxide.

high temperature regiofil >200 K). The similar behavior The best agreement between experimemstT data
of the current was previously observed in Rgfs5,8]. The and theoretical calculations was obtained for identical pa-
current-voltage characteristics are reported in Fig. 4. rameters of electron and hole traps such as densities, cross
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sections, optical energies, thermal energies, and tunnel effeof amorphous silicon. This fact supports the assumption that

tive masses. Previously this assumption was made to explathe electron and hole traps in silicon nitride are amorphous

the experimental resuftshat show the identical behavior of silicon nanoclusters.
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