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The influence of the dielectric composition and post deposition rapid thermal annealing (RTA) treatments on the electrical
characteristics of low nitrogen content plasma-deposited Al/SiNx:H/InP structures were analyzed. To obtain the interface state
density, deep level transient spectroscopy (DLTS) measurements were carried out. We have also evaluated the insulator damage
density, the so-called disorder-induced gap states (DIGS), by means of conductance transient analysis. As for the dielectric
composition, both thex = 0.97 andx = 1.43 values provide interfacial state density and DIGS damage values of the same
order of magnitude. In thex = 0.97 case, RTA treatments reduce the insulator damage moving it towards the interface. In the
x = 1.43 case this behavior is only observed for RTA temperatures lower than 500◦C. So, moderate temperature (<500◦C) RTA
treatments improve DIGS damage. This is an important result in terms of fabricating bi-layered metal-insulator-semiconductor
(MIS) structures that not only have good-quality interfaces, but also good dielectric properties.
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1. Introduction

The fabrication of InP-based metal-insulator-semiconductor
(MIS) structures is difficult because the surface of this ma-
terial is very fragile and reactive and it is easily oxidized
with a layer of native oxide which is very unstable and gen-
erally very conductive, showing a high interface state den-
sity.1) In addition, phosphorous has a low vapor pressure, so
it can easily escape from the semiconductor lattice. There-
fore, it is necessary to use a low-temperature insulator de-
position technique that minimizes the semiconductor surface
degradation. The choice of the insulator is also an impor-
tant issue. In this sense amorphous silicon-nitrogen alloys are
adequate for use as the gate dielectric in MIS field effect tran-
sistors (MISFETs), in which charge trapping must be mini-
mized to avoid Fermi level pinning.2) It has been shown that
electron cyclotron resonance plasma enhanced chemical va-
por deposition (ECR-CVD) is a suitable technique for silicon
nitride film deposition on InP because it allows a low substrate
temperature.3) Also, because of the moderate energy of the
ions, good-quality insulator-semiconductor interface can be
obtained. However, silicon nitride films deposited by plasma-
assisted processes have a moderate to high H-concentration,
so they must be referred to as SiNx:H. On the other hand,
rapid thermal annealing (RTA) is a very well-controlled heat-
ing process that is conventionally used after ion implantation
in order to recover the surface crystallinity and to electrically
activate the implanted atoms, and thermal relaxation and re-
construction of the SiNx:H lattice can also be induced.4)

In previous works5,6) we investigated the influence of ni-
trogen content on the quality of ECR-CVD SiNx:H/InP struc-
tures, and we observed that when the nitrogen content in-
creased the density of interface traps decreased. However,
when the nitrogen content decreased below a certain value
(approx.x = 1.4) the dielectric behavior was improved. Our
conclusion was that although a high nitrogen content insulator

ing temperatures higher than 500◦C, the nitrogen loss from
theVP dominates, decreasing the passivation and, as a result,
the interface trap density increases. Also, we have demon-
strated that moderate temperature RTA improves interfacial
state density in bi-layered MIS structures.9,10)

To complete the above-mentioned course of study, in this
paper we analyse the influence of dielectric composition and
post deposition RTA temperature on the electrical characteris-
tics of low nitrogen content ECR-CV deposited silicon nitride
Al/SiNx:H/InP MIS structures.

favors a low interfacial trap density, the electrical properties
are simultaneously degraded. A reverse behavior is detected
for insulator layers of low nitrogen content, where the electri-
cal properties are improved, but the interfacial trap density is
increased.

To clarify these behaviors, we fabricated7–10) MIS struc-
tures based on a bi-layered gate insulator structure, with a
different composition and thickness for each layer (a N-rich
bottom layer withx = 1.55 and a N-poor top layer with
x = 1.43, and 100 or 50 Å for the bottom layer and 400 or
150 Å for the top layer, respectively). The role of the bottom
layer is to control the interfacial trap density, whereas the role
of the thicker top layer is to provide good dielectric proper-
ties such as breakdown electric field and resistivity. We have
demonstrated that these bi-layered structures show improve-
ment in both their interface trap density and in their electri-
cal properties.9,10) Regarding RTA treatment, we have exper-
imentally proved that N-rich MIS structures (x = 1.55) sub-
mitted to moderate temperature (400–500◦C) RTA treatments
show improvement in their interface trap density. However,
the interfacial damage increased for the samples annealed at
temperatures higher than 500◦C. This was explained as fol-
lows: for the lower annealing temperatures, below 500◦C, ni-
trogen atoms coming from the insulator may occupy phos-
phorous vacancies,VP. Thus, the interfacial state density de-
creases due to the effectiveVP passivation.5,6,9) At anneal-
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where xon = h̄/b2(2meff Heff)
1/2c is the tunnelling decay

length,σo is the carrier capture cross-section value forx = 0,
vth is the carrier thermal velocity in the semiconductor, andns

is the free carrier density at the interface. Finally,Heff is the
insulator-semiconductor energy barrier for minority carriers
andE′ indicates the carrier energy band edge at the insulator
(E′c for electrons andE′v for holes).

3. Results and Discussion

3.1 Al/SiN0.97:H/InP structures
Regarding to the influence of the RTA temperature on the

interface quality, we have studied Al/SiN0.97:H/InP structures
un-annealed and RT-annealed at different temperatures (400,
500, 600 and 700◦C). However, we must point out that, ac-
cording to ref. 18, samples withx = 0.97 andx = 1.43
submitted to RTA at 700◦C undergo an important release of
nitrogen, and then a decrease in the nitrogen to silicon ratio,
x, results. Because of this change in the dielectric composi-
tion, we must take care with the results corresponding to the
RTA temperature of 700◦C.

Figure 1 shows the interface trap distribution obtained by
DLTS in Al/SiN0.97:H/InP structures. It appears that RTA
treatments degrade the insulator-semiconductor interface. In
previous works7–10) we reported an interface state density
decrease for moderate RTA temperatures, because nitrogen
atoms fill some phosphorous vacancies. But in that study the
nitrogen content of the dielectric composition (x = 1.55) was
higher than in the present case, so we can conclude that a
value of x = 0.97 is not sufficiently high for RTA to an-
neal the interface. Moreover, in this study we have carried
out transient conductance measurements that provide comple-
mentary information. In Fig. 2 we have plotted conductance
transients [Fig. 2(a)] and DIGS damage density as a function
of the distance from the interface and of the energy position

pacitance transients. In these experiments, the Keithley 617
programmable electrometer is used together with a HP214B
pulse generator to introduce the quiescent bias and the filling
pulse, respectively. To obtain the interface trap distribution
within the forbidden gap, the bias voltage is chosen so that
the MIS capacitor is exactly at the limit between depletion and
weak inversion. Also, a 200-µs-wide pulse sufficiently high
to drive the capacitors into accumulation is applied in order to
fill all interface traps. The interface trap distribution (Dit ) was
deduced from DLTS measurements by means of the expres-
sions reported elsewhere13) using an energy-independent cap-
ture cross-section value ofσn = 1× 1014 cm2, which is typi-
cally found in III–V semiconductor-based MIS structures.14)

We have measured the conductance transients which pro-
vide quantitative information about the disordered induced-
damage states.15) As has been published elsewhere,16,17) from
the experimental conductance transient,G(t), we can obtain
the DIGS state density (NDIGS) as a function of the spatial
distance to the interface (xc) and of the energy position, as
follows:

NDIGS = 1G/ω

0.4q A
(1)

xc(t) = xon ln(σovthnst) (2)

E′ − E(xc, t) = Heff + kT ln

(
σovthNc

ω/1.98

)
− kT

xc(t)

xon
, (3)

2. Experimental

2.1 Sample description
Substrates used were undoped (100) n-type InP fabricated

by a liquid encapsulated Czochralski (LEC) process, with an
unintentional dopant concentration of 5× 1015 cm−3. The
MIS structures were fabricated by directly depositing sili-
con nitride films on InP wafers by the ECR plasma method.
Gases employed in the insulator deposition vacuum cham-
ber were N2 and pure SiH4, with two different values of the
gas flux ratio,R = [N2]/[SiH4], R = 1 (x = 0.97) and
R = 1.6 (x = 1.43). Substrates were heated to 200◦C,
and a total pressure of 0.6 mTorr was kept constant during
the deposition process. The microwave power was also kept
constant at 100 W. Prior to the dielectric deposition, the
wafers were cleaned with organic solvents, etched for 1 min
in HIO3 : H2O (10 wt%) and immersed in HF: H2O (1 : 10)
for 15 s to strip the native oxides. Finally, the samples were
rinsed in deionized water and dried in N2.

To study the effect of RTA temperaure on the inter-
face quality, SiNx:H/InP samples were submitted to argon-
atmosphere RTA processes for 30 s at temperatures varying
between 400 and 700◦C. One sample of each type (x = 0.97
andx = 1.43) was left un-annealed to be used as a control.

Al dots (1.12× 10−3 cm−2) were then thermally evapo-
rated through a shadow mask as gate electrodes. Finally, an
AuGe/Au back electrode was evaporated. A postmetallization
annealing was performed in Ar atmosphere (300◦C/20 min).

2.2 Electrical characterization
To study the interface quality of MIS structures, we

have applied the following techniques: capacitance–voltage
(C–V), deep-level transient spectroscopy (DLTS) and con-
ductance transient analysis.

C–V measurements were carried out at room tempera-
ture and at a temperature of 78 K, with the sample placed
in a light-tight, electrically shielded box. The measurement
setup involved a 1 MHz Boonton 72B capacitance meter and a
Keithley 617 programmable electrometer. The measurement
run was computer controlled. TheC–V curves obtained at
78 K show a lower flat band voltage displacement and stretch-
out than the room-temperatureC–V curves, indicating that
some traps in the material are frozen at low temperatures.
However, both the room-temperature and 78 KC–V curves
obtained for all the samples clearly exhibit hysteresis phe-
nomena, indicating that interface state distribution follows the
well-known disorder-induced gap-state (DIGS) model.11,12)

According to this model, interface states are distributed in
both energy and space. The spatial extension of the disor-
dered semiconductor region is very narrow, typically 1 to 3
monolayers. On the other hand, the disordered insulator re-
gion reaches more than 100 Å. The emission and capture of
free electrons by states located in the insulator far from the
interface can occur by means of tunnelling mechanisms. As
emission and capture kinetics are slow and not symmetrical,
the capacitance value depends on both the direction and the
speed of the voltage variation and, thus, hysteresis effects are
observed.

DLTS measurements between 78 and 300 K were carried
out using the same 1 MHz Boonton 72B capacitance me-
ter and an HP54501 digital oscilloscope to record the ca-
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measured from the insulator conduction band edge [Fig. 2(b)]
corresponding to Al/SiN0.97:H/InP samples. According to this
figure, DIGS damage diminishes somewhat when annealing
temperature is increased. Therefore, we can conclude that
RTA treatments move the insulator damage towards the inter-
face.

In summary, the DIGS damage evolution with RTA tem-
perature is exactly the opposite of that interfacial state den-

sity. This behavior suggests some temperature activated de-
fect exchange between the insulator and the interface; this has
previously been observed by us in Al/SiNx:H/In0.53Ga0.47As
structures.19)

3.2 Al/SiN1.43:H/InP structures
Figure 3 shows the interface trap distribution obtained by

DLTS in Al/SiN1.43:H/InP structures, un-annealed and RT-
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Fig. 1. Interfacial state density measured by DLTS in Al/SiN0.97:H/InP
MIS structures at different RTA temperatures.

Fig. 2. Induced damage in Al/SiN0.97:H/InP MIS structures at different
RTA temperatures. (a) Room-temperature 200-KHz conductance tran-
sients. (b) DIGS damage density.
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Fig. 3. Interfacial state density measured by DLTS in Al/SiN1.43:H/InP
MIS structures at different RTA temperatures.

Fig. 4. Induced damage in Al/SiN1.43:H/InP MIS structures at different
RTA temperatures. (a) Room-temperature 200-KHz conductance tran-
sients. (b) DIGS damage density.
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sult is important because the main attraction of N-poor insu-
lators is that they have good electrical properties, and we have
shown that RTA treatments at moderate temperatures improve
them. Moreover, as our previous studies related to N-rich and
bi-layered insulators have shown, 400◦C-RTA treatments im-
prove interfacial state density. Our final conclusion is that
RTA treatments at temperatures lower than 500◦C are ade-
quate to improve both interface state density and electrical
properties of bi-layered structures.
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on the electrical characteristics of Al/SiNx:H/InP structures,
we have observed that forx = 0.97, RTA treatments
move the insulator damage to the interface. In contrast, in
Al/SiN1.43:H/InP structures, this behavior is only observed for
RTA temperatures lower than 500◦C; higher temperature val-
ues increase both interface and DIGS damage.

Therefore, we can conclude that moderate temperature
(<500◦C) RTA treatments reduce DIGS damage, and thus,
the insulator electrical properties are also improved. In con-
trast, interfacial state damage is slightly increased. This re-

annealed at different temperatures (400, 500, 600 and 700◦C).
As stated previously, care must be taken with the results cor-
responding to the RTA temperature of 700◦C because of the
significant decrease in the nitrogen-to-silicon ratio,x, due to
the release of nitrogen atoms. In agreement with the results
obtained for thex = 0.97 case, we can see that RTA treat-
ments increase the interfacial state density. Therefore, we
state that a value ofx lower than 1.50 is not sufficiently high
to cause nitrogen atoms to fill some phosphorous vacancies or,
tentatively, to promote the formation of P–N and/or In_P–N
complexes that passivate the interface.20) As a consequence,
the insulator-semiconductor interface remains damaged after
RTA treatments.

Concerning the conductance transient analysis, in Fig. 4
we have plotted conductance transients [Fig. 4(a)] and DIGS
damage density as a function of the distance from the in-
terface and of the energy position measured from the insu-
lator conduction band edge [Fig. 4(b)] corresponding to the
Al/SiN1.43:H/InP samples. As evident from this figure, DIGS
damage only diminishes for an RTA temperature of 400◦C.
In contrast, temperature values higher than 400◦C increase
DIGS damage. Thus, RTA-enhanced defect exchange be-
tween the insulator and the interface is observed at a temper-
ature of 400◦C, whereas at higher temperatures both interface
and DIGS damage are increased.

4. Conclusions

We have carried out the electrical characterization of
low nitrogen content ECRex situsilicon nitride deposited
Al/SiNx:H/InP structures usingC–V , DLTS and conductance
transient analysis techniques. Regarding dielectric composi-
tion, bothx = 0.97 andx = 1.43 values provide interfacial
state density and DIGS damage values in the same order of
magnitude, in agreement with our previous studies6) in which
we demonstrated thatDit values strongly depend on dielectric
composition for only N-rich insulators; for low N composi-
tions Dit remains practically unchanged.

Regarding the effect of post deposition RTA treatments


