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Thermally assisted hole tunneling at the Au-SjN, interface and the energy-band diagram
of metal-nitride-oxide-semiconductor structures
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Thermally assisted tunneling of holes at the Aghgiinterface was experimentally observed. The hole
barrier of 1.6-0.2 eV and the effective masses for the hole and electron tunneling into silicon nitride have
been determined. A revised energy-band diagram of the metal-nitride-oxide-semiconductor structure is con-
structed [S0163-18208)52204-1

The typical values of barriers for an electron and holewere determined by the capacitance-volt&eV) shift mea-
injection at semiconductémeta)-insulator interfaces in MIS  surements. The different voltage impulse amplitudes and du-
(metal-insulator-semiconducjostructures are in the 2—3 eV ration were used to study injection mechanisms at different
region. Injection of carriers into insulators of such structuredields at the SN,-metal interface. The current value was
at room temperature is limited by the high field Fowler- determined by dividing the value of charge trapped iNgi
Nordheim tunneling mechanistn. by the duration of the voltage impulse. The small values of

Forty years ago, the thermally assisted tunnel[igT)  injected charge were used for current evaluation. This

mechanism at a metal-vacuum interface was pred%ted.meth‘)d allows us to separate the electron and hole injection
Later, the TAT effect was analyzed for the metal-insulatorcurrents from contacts. The details of the method of contact

interface® In the TAT mechanism, an electron is excited to current-voltage characteristic measurements were described

- 12 . . .
some energy by collisions with phonons and then tunnel§@/lier=" The injection electron currents from Ap-type

through a triangle barrier into the conduction or vaIenceSUbStrate in accumulation regime by negative potential on

bands. TAT from a contact to localized states in polymer Al) and the hole currents_from A(Lm-t_ype substrate_in accu-

and multiphonon ionization of localized states in insulatorg];tleaglogs r?l?r;r;l?or?g ggiggecgr?ttsgt“%le%n ;?Mtﬁéié?n\:zfgl-
. 7 .

and semlconducto?_s was expenme_ntally observed._As far interface at different temperatures.

as we know, the direct TAT of carriers from metal into the

. ; Control experiments to exclude an injection of carriers
conduction band or valence band of insulators was not Obfrom the opposite contagsilicon) into SN, were made. By
served experimentally up to ndWlhe aim of this work is to 4

: these experiments the conditions when injection of carriers
observe experimentally the TAT effect for holes at thefom silicon is negligible were determined. Thus, in the
Aursilicon nitride interface. _ present experiments the injection of electrons from silicon
~ Amorphous silicon nitride (3N,) has a high concentra- a5 small at positive potential at Au in comparison with hole
tion of electron and hole traps and the property to localizgpjection from Au. Injection of holes from silicon at negative
injected electrons and holes with a large delocalization “m%otential at Al was also small in comparison with electron
~10 years at 300 R.According to internal photoemission injection from Al
data, the barriers for electrons andlm)lles at the $i/Sin- Increasing the positive polarization impulse duration and
terface are equal and are 2.0.1 eV.™ amplitude values leads to a shift of the C-V curves to nega-
The  metal-nitride-oxide-semiconductor structurestjye yoltages due to hole injection from and capturing in
(MNOS) with tunneling-thickness thermal oxid80 A) and  sj.N,. Three current-voltage characteristics measured at dif-
SigN, (~500 A) were investigated. The silicon substrates ferent temperatures are shown in Fig. 1. The experimental
(100 orientated, with a 7-10 Ohm cm resistivity ofandp  hole current-voltage characteristics measured at high tem-
type were used. The s, was deposited with three different perature§593 and 523 K [Fig. 1(a)] are well described by
methods: metho@A) APCVD (atmospheric pressure chemi- the TAT equatiof®
cal vapor deposition SiCl,/NH;=0.05, T=850°C, gas
carrier Hy; method (B) APCVD, SiCl,/NH;=0.01, T ] 1 ehF 2
=850 °C, gas carrier  method(C) LPCVD (lower pres- j=CF epr’ —{‘P— 5 (W) / kT)- 1)
sure, SiCl,/NH;=0.1,T=800 °C. The “natural” oxide on
SisN, was chemically etched before the metal deposition tdHere C=(27m*kT)Y%(e/h)?, j is the current densityp is
have reproducible injective contacts tg/$j.*> The Au and the barrier energym* is the effective mass, anBl is the
Al contacts were evaporated orsSj. The injection currents electric field. The hole barrier valu&,=1.6+0.2 eV has
from metals into SN, were measured by the impulse polar- been determined by extrapolation of J¢t) lines in Fig.
ization of the MNOS structures. Charge trapping kineticsl(a) to the zero field. The slope of the current-voltage depen-
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FIG. 1. The hole current—nitride contact field relationship at 10

different temperatures at AuiBl, interface:(a) coordinates corre-

spond to the TAT;(b) coordinates correspond to the Schottky ef-

fect. SgN, was produced with the different methods: circles,

method(A); squares, methoB); triangles, methodC). Curves: 1, 10-22
T=593K; 2,4, 523 K; 3, 77 K; 5, theoretical Schottky curve for

523 K.

dence gives the value for the hole effective magsym, 10720
=(0.3£0.1) in SEN,. Herem, is the free electron mass. i | 1 1 L
The Schottky mechanism predicts an exponential depen- 0 2 4 6
dence of the current on the field and temperaﬁure 1/F (107 cm V"l)

. (D= BsiF™?)
= 2 — Y
J=AT exr{ KT

A=47m*k2e/h3= 120 m*/mgy)Al(cn? K?),

2 FIG. 2. The hole and electron tunneling current—nitride contact
field relationship for electron (Al-§N,) and hole (Au-SjN,) in-
jection. The dots correspond to various methods of thN Silepo-
sition, as noted in Fig. 1.

Bsn=\e%l(4mepe.,). current does not depend on the evaporation method. The
value m;/my=0.4 was obtained using the electron barrier
Here, e is the high frequency dielectric permitivity. ®,=2.0 eV determinef'>*for electrons at the Si-$N,
The experimental curve measured at 523 K is not deinterface.
scribed by the Schottky mechanigirig. 1(b)]. The TAT In this work, the TAT mechanism and the tunneling of

effect was observed experimentally in the MNOS structure$ioles and electrons are interpreted in terms of tunneling
with SisN, evaporated by different methods. So, the TAT through a triangular barrier. The influence of image forces
mechanism and the parametdrg andm; reflect the funda- was neglected in the analysis. It has been shown that the

mental properties of the Au-@, interface and silicon ni- influence of classical image forces is small in photon-
tride. assisted tunnelintf

The low temperatur¢room and liquid nitrogencurrent- The barrier energy at the Au-8l, interface®,=1.6 eV
voltage characteristics are not described by TAT or théPPtained by TAT is the same as the value obtained by
Schottky law[Fig. 1@]. In the region from room to liquid XPS™*"The difference of the \_Nork functions for Au anq Al
nitrogen temperature, the hole current depends weakly offf€asured by the C-V method in the MNOS structures inves-
temperature. The hole injection is described by the tunneling9atéd is 0.8:0.1eV. This value agrees with the value of
Fowler-Nordheim mechanism at room and liquid nitrogen®-9 €V obtained by C-Vin the photoinjection method for the

temperaturés® (Fig. 2) Si-Si0, interface!’
The gap in SN, determined in the electron and hole

j=BF2 exd —D(m*®3)Y3F]. (3)  injection experiments of the present work is 21.6+0.9
=4.6 eV. This value is 0.5 eV lower than the “optical” gap
B=e%(87h®), D=8mv2/(3he). E,=5.1 eV obtained from optical absorption using the Tauz

modell®111318According to the obtained values of barriers
A slope of lines Ig{/F?) versus IF gives the value at the Au-SiN, interface, the hole barrier at the SigSj
(mf/mg) Y2®¥2=1.2 e\P2. For®,=1.6 eV, the hole effec- interface is 1.5 eV for E=5.1 eV for silicon(Fig. 3). This
tive mass ismj;/mg=0.35. This value well agrees with one value is 0.6 eV lower than the barrier value obtained from
obtained at 593 and 523 K in the TAT region. the internal photoemission experimetftg?

A similar analysis was made for electrons injected from The obtained values of the electron effective masses,
Al into Si3N,4. An electron injection from Al at 300 and 77 K m} =0.4m,, in silicon nitride agree with the value of an
is temperature independent and is described by the Fowleelectron tunneling mass of 0t obtained by a resonant tun-
Nordheim mechanisrfFig. 2. The parameterni/mo)®3?  neling experimenri for Si;N,:H and the silicon dioxide elec-
determined from Fig. 2 is 1.87 é¢. The electron injection tron effective massm?/my=0.4>% Earlier, the values
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< E=0 ST—<o ¢(Au)=5.0 eV and¢(Al)=4.1 eV. According to Fig. 3, the
o 5 e e G S 2 “oI SN, u barrier at Si-ngN4 ilnterface for ho[es is0.5eV !ower than for
j - |s = electrons. This difference explains the dominant hole con-
3 . " 3, duction of SiN, by the negative potential on the metaf*
= @ T s = The band calculation of $il,%° gives the value of the
- ‘l,’; o & . hole massm};/my=3.0. This heavy hole mass is related to
= = = the narrow band of the N®, nonbonding orbitals. These
3 e orbitals give the electronic states near the top of thlSi
valence band. But the experiment and the last numerical

_ simulation of the SN, electronic structure show that there
FIG. 3. The energy-band diagram of the MNS and MNOS struc-

tures with different metals obtained by injection of electrons andgr%s gOt snzly ;h% Nd.p” nogl;)olnd;nge Otrt;;:als’ .I\?Ut the
holes into SiN,. Zero of energy corresponds to the free electron 1 35,9p—IN 2P, . onding or IQS O, a. e SiN, va-
energy in vacuum. lence band top. Light holes obtained in this work correspond

to the wide band of the bonding states. In terms of band
theory, the valence band of crystalline;l$)j is degenerate.
mg /mo=(0.05-0.13) andny;/my=0.05 for SgN, were ob-  This result was obtained by the recent band calculations for
tained by charging of N, from silicon?! These anomalous Si;N,.%®
small masses were evaluated due to an existence of the tun- In conclusion, the thermally assisted tunneling of holes
nelable thin oxide layer between Si angMbji. The overes- from a metal into the valence band of an insulator was for the
timated value of the hole barrier obtained from photoemisHirst time experimentally observed. The hole effective masses
sion experiments,®,=2.0eV, is the reason of some for SizN, have been determined for the first time. The hole
unexpected anomalies obtained by hole injection from sili-barrier value at the Au-gi, interface has been determined
con in SpN,.2%23 and a more realisti¢than from the photoemission experi-
The energy-band diagram of the MNOS structure wasnentg energy band diagram of the MNS and MNOS struc-
constructedFig. 3) taking into account the work functions tures has been constructed.
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