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A method is proposed for determining the electron and hole components of stationary cur-
rent flowing through an MIS structure and the hole and electron components of the station-
ary currentin an MNOS structure have been determined. It is shown that the experimental
results may be explained by a two-band Si;N, conduction model. A two-band Si;N, impurity
conduction model with silicon microcrystals is examined, the latter serving as Poole-Frenkel
centres in the nitride volume as well as trapping and recombination centres in the regions
close to the electrodes.

B padore nipeiosiien MmeToj onpejieeHUs HJIeKTPOHHOM M THIPOYHOI KOMIIOHEHT
CTanlloHapHoro Tora uepes MIIII-ctpykTypy. OnpenedeHbl AbIPOYHASA U 2JIEKTPOH-
Hafd KOMIIOHEHTLI CTANMOHAPHOTO TOKA, BOSHUKAIOLIET0O B CUIIBIIOM 3JIEKTPHYCCROM
mo;ie 8 MHOII-ctpyrrype. Ilorasano, 49TO 3KCIePHMeHTAJIbLHLIE Pe3yIibTAThHI
MOLYT ObITh 0O0BACHEHBI ¢ NOMOIILIC [ABY3OHHOI Mogeau IpoBoguMoctu SiN,.
Paccmarpuerca Mopment ABY30HHOW NPHMECHOH IpoBoawMocTH Si;N, ¢ MHKpO-
RpHcTalidaMu KpeMHUA, caymkamuyy neHrpamu Ilyna-dpenkena B o0bpéMe HE-
TPHIA U [IeHTPAMH 3aXBATA 11 PEROMOHHAIINU B NPHUHTIEKTPOTHBIX 00JaCTAX,

1. Introduction

The conduction of an amorphous silicon nitride film in MNOS structures with
a tunnelable thin oxide layer has been studied in [1, 2]. According to these
papers all the experimental data can be explained by a single-band conduction
model for Si;N, and a recombination of charge carriers in the Si0,-Si;N, inter-
face. The question about the current transport band in the nitride or the parti-
cipation of each band in conduction has so far been left open.

Recently Kobayashi and Ohta [3] have obtained experimental data confirming
the electronic nature of SiyN; conduction. We have recently detected [1]
a symmetry in the current—voltage characteristic of MNS structures with p- and
n-substrates; therefore, it is possible to assume the existence of a certain symme-
try in the conduction of Siy,N, and its bands. In order to obtain data on the
nature of the conduction in the amorphous Si;N, and SiO,—Si;N, system, we
have carried out the following investigation. An experimental method has been
developed for the determination of electron and hole current components in
the Si-8i0, interface of MNOS structures. This allows to determine the sign of
charge carriers in systems where the measurement of Hall effect or thermopower
presents some difficulty (particularly in MIS systems). Quantitative data on
8i,—8i0, interface electron and hole ¢urrents in MNOS structures were obtained.
It has been concluded that both holes and electrons take part in conduction in
silicon nitride.
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2. Method of Current Separation

A transistor circuit for the examination of the current flowing through an
MNOS structure with a blocking SiQ, layer over source and drain is shown in
Fig. 1. The samples have been made using conventional planar technology:
p-channel transistors using n-silicon (100) with 7.5 Qem resistivity and n-chan-
nel transistors (100) with 0.5 Qcm resistivity. A lower-resistance substrate was
used when making the n-channel device to exclude a shunting inversion layer
under the masking oxide. The 20 A superthin oxide film was grown under con-
trolat 700 °K in a dry oxygen flow. The 1000 A nitride was deposited in a verti-
cal reactor by the tetrachloride or monosilane process in a hydrogen flow at
850 °K. A p-channel transistor circuit for the separation of electron and hole
currents of MNOS structures in a silicon substrate inversion mode is shown in
Fig. 1. The reverse-bias p—n junction current in the samples used was less than
10710 A at 15 V. We consider the separation principle of electron and hole
current components. The discussion remains true for an n-channel transistor
when we change the signs of voltage and charge carriers. When voltage is
applied to the gate of the structure the gate current is determined by the current
through the silicon nitride layer covering solely the superthin oxide. The MNOS
current—voltage characteristic is shifted towards higher voltages by the 1000 A
blocking oxide underlayer. Negative voltage forms an inversion p-channel on
the silicon surface. The carrier concentration in the channel is determined solely
by the field magnitude in the dielectric. It does not depend on the hole current
flowing from the silicon into the dielectric inasmuch as the excess holes on the
surface are provided by a supplementary carrier flow from the p* regions.

The gate current j, is composed of the electron current injected into the silicon
band and of the hole current drawn out of the inversion layer into the dielectric:

g = 5 + iy -
The hole current from the inversion layer into the dielectric is due to carriers

arising from anomalous generation in the space charge region [1] as well as
carriers induced from the p* regions:

ji = 1% + fpon -
The current in the substrate circuit is equal to the sum of two components:
carriers injected into the silicon from the dielectric and the electron component

of the anomalous generation current:
~&

js:jg8+9R-

;_J-: Fig. 1. p-channel test transistor circuit
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Thus, the currents are
fo = Jg + ik g =g + ik + fpon -

If the conduction in the nitride is caused by electron motion through the con-
duction band then an electron injection current from the dielectric into the
n-silicon different from zero may reasonably be expected, i.e. the substrate
current in the p-channel transistor must differ from % the main features of
which are described in [1].

The conduction of silicon nitride may also be due to hole motion in the
valence band. In this case a non-zero injection hole current jj from the dielec-
tric into the p-silicon may be expected ; i.e. the substrate current in the n-chan-
nel transistor is different from j&.

3. Results and Discussion

Fig. 2 shows typical experimental results for p- and n-channel nitride struc-
tures obtained by the silicon tetrachloride ammonia process. The experimental
points for the total current show good agreement with lines plotted according

to the Poole-Frenkel law. The j, = f(J/F) dependence being as a rule non-linear,
the substrate current increases faster than jg when the gate voltage increases.

It follows from the above that

- L. j; is low in comparison with jg, but is high compared to the anomalous
generation current, and their electric field dependences differ;

2. absolute values and electric field dependence of p- and n-substrate currents
are almost equal.

The j; = f(F) dependence and the p- and n-substrate current ratio are nearly
equal for silane and silicon tetrachloride synthesized nitrides.

The fact that j, is small compared with jg leads to the following conclusion:
The basic current component through the Si-SiS, interface is due to carriers
induced in the inversion channel, i.e. holes in the case of a p-channel and elec-
trons in the case of an n-channel. On the other hand, the j, = f(X) current is
considerably higher than the maximum current due to anomalous generation.
This points to the fact that it is due to injection from the dielectric. Thus the Js
component in a p-channel transistor is caused by electron injection and in an
n-channel transistor by hole injection.

In principle electrons can be injected into the silicon conduction band both
from the conduction (j;) and valence (ji) bands of Si;N, (Fig. 3a). However,
the electron injection from the Si,N, valence band °
into the silicon conduction band (p-channel tran-
sistor) can be neglected as compared to the injection T
from the Si;N, conduction band. The reason is that &
the barrier values for such tunneling junctions differ I
considerably. An identical situation takes place in
an n-channel transistor where holes from the Si,N, /A
valence band are injected.

% s

Fig. 2. Gate (jy) and substrate (j;) current versus average
nitride field value in p- and n-channel transistors with a 25 ki
tunnelable thin 8i0, layer. ©, ® —Al n-Si; A, & +Al p-Si FR0%y Yoy ") —

1 1 L | 1




4 (1536x2400x2 tiff)

492 A. 8. GiNnovkER, V. A. GRITSENKO, and S. P. SINITSA
i % _ .
) {Zﬁ 4 ==~  Fig. 3. Energy diagram of a a) tunnelable
S Mo g Ja STG/ and an b) untunnelable oxide layer
7? bulk Sk, MNOS capacitor
Sigh
i3 ! =
® "
)| e
_mf . 1 1/1—/
_/%——: _____ (I
v 5 +
a 5/'02 b

When the SiO, layer thickness in a p-channel structure is increased to 200 A,
fp-n becomes much lower than j, and j, i.e., practically the whole jg current is an
electron injection current from Si;N, into the silicon conduction band. Such
a transformation of the current components can easily be understood as the
triangular barrier U, for electrons is much lower in the case of a thick SiO,
layer (8i0,~Si;N,) compared to the barrier for holes, U, (Si=8i0,) (Fig. 3b). An
analogous situation has evidently taken place in n-channel transistors as well.

Fig. 4 shows current-voltage curves of a MNOS capacitor with a 200 A oxide
layer. The difference between these curves and the tunnelable thin oxide layers
(1) is easily discernable. First, contrary to the data cited in [3] there is no current
saturation neither in n- nor in p-silicon when the exhaustion voltage is applied.
This can be explained by the fact that the extraction of minority carriers and
the concomitant development of an exhaustion layer in thin oxide MNOS tunnel
structures is replaced by the injection of carriers from the dielectric. Secondly,
the current-voltage characteristics are not symmetrical as regard polarity
change. The current at positive voltage at the metal electrode is lower than at
negative voltage. This asymmetry has been observed earlier in [4, 5], but the
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Fig. 4. Current—voltage characteristics of  Fig. 5. The temperature dependence of di-

an untunnelable MNOS capacitor. (1,1) rect current through the MNOS structure

P-Si; (2, 2) n-Si; dox = 200 A, dpjer — S00A with a tunnelable oxide. § = 5x 1072 em?;
—Al; F = 4.13x10% V/em
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asymmetry sign was opposite. According to [4] the current in the MNOS strue-
ture with a thick oxide layer is determined by the nitride layer. This is caused
by the low barrier values on the 8iO,—Si;N, contact. The current-voltage curve
asymmetry is therefore due to the difference in the accumulated charge at the
interface, i.e. the electric field value in the nitride.

If the nitride conduction were conditioned only by electron motion [3, 6],
then, using negative silicon, a Fowler-Nordheim injection through the oxide
should be apparent [7]. The latter must always be lower than the current
limited by the nitride volume.

Almost equal values of n- and p-j, currents in thin oxide MNOS tunnel tran-
sistors and lack of j, current saturation in MNOS capacitors with oxide thickness
=< 200 A may well be explained by a two-band conduction model for the nitride.
Different signs of the current—voltage curve asymmetry point to the same as-
sumption.

Two-band conduction of the silicon nitride bulk can be both intrinsic and
due to impurities. The temperature dependence of current (Fig.5) between
250 and 550 °K and the field dependence in the 7' < 250 °K region lead to the
conclusion that the free charge source is a continuum of electron states. Appar-
ently, an electric field and temperature increase brings about an increase in the
mean excitation energy, becoming apparent in the rising slope of the curve.
The effective activation energy @ determined by the slope according to for-
mulae (1) and the effective barrier @ (2),

o Dl — dF2
Jp-yr = Jo €Xp (— LT -),

. Pen)*?
ji-x = G exp ( - ﬁ(%f))

(1)

(2)
varies from 1 to 2 eV,

The transmission of amorphous silicon nitride begins in the neighbourhood
of 3 eV (Fig. 6), while the width of the forbidden gap of crystalline nitride is
about 4 eV [8]. The reason of this film absorption edge cannot at present be
uniquely defined. It is not clear whether it can be due to impurities or density
of states tails. Thus, it cannot be exluded that the two-band of the conduction
nitride may be intrinsic. So far, however, there is no theoretical model for
amorphous dielectric conduction in a high electric field.

We consider, therefore, the experimental data in an impurity conduction
model. It is known [9] that silicon nitride conduction rises exponentially with
the increase of the SiH,/NH; ratio in the reactor above a certain threshold.

Fig. 6. The transmission spectrum of the silicon nitride P -—Zwlel// 7
film on sapphire. SiH,/NH, = 0.07, dyir = 1.70 wm 100 r—— T
150 | sapphire
o\\i
s6or
g
S Ls
= SN, on sapphire
20r
0 ; ;
200 400 600

Alnm}—
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This increase may be explained by the fact that the conduction is determined
by ionization of silicon microcrystals originating in the Si;N, matrix [10].

The increasing SiH, content reduces the average distance between crystallites,
leading to a drop in their ionization potential barrier [11]. Such a crystallite
ensures two-band impurity conduction in a high electric field by the Poole-
Frenkel mechanism. In the absence of an electric field the crystallite is neutral
and has neither free holes nor electrons. When an electric field is applied the
electron and the hole are released one after the other by the Poole-Frenkel
mechanism at high temperatures and by Fowler-Nordheim injection at low
temperatures. Thus, both Si;N, bands take part in the stationary conduction,
though the electric field acts on the barrier only during the release of electrons.,

The charge carrier recombination in the contact regions is also explained by
the proposed model. It is known that the hysteresis loop of a tunnelable thin
oxide MNOS structure due to carrier capture into the nitride layer near the
substrate begins in a lower field region compared with stationary conductance
[12]. Thus, the stationary current in SizN, is accompanied by the electrode
polarization. If it is assumed that just the silicon crystallites mentioned above
are acting as charge trapping centres, then they must be positively charged
near the anode and negatively near the cathode. In steady-state conditions
charged crystallites in the close electrode region of an attenuated field will
act as recombination centres with a large capture cross-section, thus ensuring
the recombination processes cited above.

4. Conclusions

1. In this paper we have proposed a method for separating the current in an
MNOS structure into electron and hole components. The method can be applied
for the determination of charge carrier signs in MIS structures with any kind
of dielectric.

2. It is experimentally shown that the basic current component at the Si-SiO,
interface in tunnelable thin oxide MNOS structures is the carrier current from
the semiconductor into the dielectric. The injection current from the dielectric
into the silicon is low and the absolute values for p- and n-silicon are nearly
equal.

3. In thick oxide MNOS structures the basic component of the Si-SiO, inter-
face current is the injection current from the dielectric into the silicon.

4. It is shown that experimental data on the stationary conduction in silicon
nitride should be interpreted on the basis of a two-band model.

5. A two-band Si;N, impurity high-field conduction model is proposed, in
which silicon microcrystals act as Poole-Frenkel and recombination centres.
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