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We have analyzed the influence of the dielectric composition and the post deposition rapid thermal annealing (RTA) treatment on
the electrical characteristics of electron-cyclotron-resonance plasma-depositeld/8idhd p-Ins3Ga 47AS interfaces. The

devices are characterized by means of capacitance—volta§€) ( deep-level transient spectroscopy (DLTS) and conductance
transient analyses. Our results show that a simple cleaning step of the semiconductor surface prior to insulator deposition, and
a post deposition RTA process are sufficient to obtain good-quality structures, the n-type being better than the p-type. In both
cases, we conclude that a dielectric compositiox e 1.50 seems to be the best choice, and that the most adequate RTA
temperature is between 5@and 600C.
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1. Introduction cyclotron-resonance plasma method (EER)Indeed, this
INg53G& 47AS is a IlI-V ternary semiconductor, that has!S a IQW tgmperature deposition ”.‘ethOd (200or below)
: . : . . in which it is possible to reduce ion bombardment of the
many interesting properties for optoelectronic device appli- . S .
. D - . semiconductor surface during insulator deposition. How-
cation. Because of its high mobility and electron velocity . . . . .
. . i . “ever, ECR-deposited SjNH films have a relatively high
values, it is a very appropriate material for the fabrication ) .
. . . L . H-concentration, making them thermally unstable. The study

of electronic devices such as a junction field effect tranS|sO—f this instability is very important because rapid thermal an
tor (JFET), a heterojunction bipolar transistor (HBT), and a y y imp P

modulation-doped field effect transistor (MODFET. On nealing (RTA) treatment becomes necessary after ion implan-

the other hand, since it exhibits a 0.75 eV direct gap at roo;[ﬁtlon processes in order to recover surface crystallinity and

temperature, I§s3Gay 47As is useful for the development of 10 electrically activate the implanted atoms.

. ) . . The aim of this study is to investigate the influences of
integrated light emitters, modulators and detectors operatin . » -

. . S L . . drelectric composition and postdeposition RTA treatment on
in the conventional communication transmission optical win;

. . : : the electrical characteristics of ECR-deposited,3ihn and
dows. Moreover, since this semiconductor has a lattice con- . . - T
-Ing 53Gay 47As interfaces. This study will provide impor-

stant of 5.868\, it is grown lattice-matched to InP, whose P . Lo . .
higher gap (1.35 eV) |gs adequate to confine carriers and lig z%nt information about the suitability of using ECR-deposited

in integrated optoelectronic devic&sings3Gay47As can be IN,cH layers as the gate dielectric inliyGap 47As MIS de-

Lo : vices.
epitaxially grown by means of such techniques as molecu-

lar beam epitaxy (MBE), metal organic vapour phase epita .
(MOVPE) and chemical beam epitaxy (CBE)Concerning L Experimental
the doping of 13 53Ga 47AS, ionic implantation (Si or Se for 2.1 Sample description
n-type, and Be, Mg, Zn or Cd for p-typg)s the most con- INng53Gap47As epilayers of both n and p-type were
ventionally used method, and the results obtained for InP cgmown by MOVPE lattice-matched to (100) InP and
usually be extended to 483G 47AS. were supplied by Epitaxial Products International (EPI).
The Ins3Gay47As surface, when air-exposed, does noWe obtained n-type and p-type MISqlesGay47AS Struc-
present strong Fermi-level pinning as is usual in the GaAs suures by directly depositing silicon nitride films on
face, and its surface recombination velocity{30°cms?)  S-doped 1953Ga47As (6.6 x 10°cm3) and Zn-doped
is also lower than that in GaAs (16ms™?), making it @ IngssGap47As (11 x 10°cm3) substrates with the ECR
promising material for metal-insulator-semiconductor (MISplasma method. The gases we used to accomplish insula-
device applications. However, in order to minimize interfator deposition were Nand pure Silj, with four different
cial defects, it is very important to realize a good couplingalues of the flux gas ratio, defined & = [N,]/[SiHa],
between 1gs53G&47As and InP. On the other hand, it is(R = 1, 1.6, 5 and 9), which allowed us to obtain four

necessary to use an insulator deposition technique that midifferent insulator compositiongx = 097 (R = 1),
mizes the semiconductor surface degradation during the insu-= 1.43 (R = 1.6), x =150 (R = 5) andx = 155
lator gate growth. The choice of the insulator is also an imfR = 9)}. Substrates were heated at 200 The to-

portant issue in order to avoid insulator/semiconductor intetal pressure was kept constant at 0.6 mTorr during the de-
face incompatibilities. There are reports on MIS devices witposition process, and microwave power was also kept con-
good-quality interfaces based on SiN/Ings3Gap 47AS struc-  stant at 100W. In all cases, we adjusted the deposition
tures in which the insulator was deposited by the electroime to obtain 500-thick SiNy:H films. Prior to dielec-
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tric deposition, a simple cleaning step was applied: substrates @
were ultrasonically degreased in trichlorethylene, acetone and
propanol and deoxidized in HCIH,O (1 : 3) for 1 min be-

fore drying in No. In our previous worK) we reported on
small-frequency-dispersion, small-hysteresis and very low-
interface-trap-density MIS structures that were obtained fol-
lowing this deposition procedure.

To study the effect of RTA temperature on interface
quality, SiNys0:H/Ings53G&y47As samples were subjected to
Ar-atmosphere RTA processes for 30s at temperatures be-
tween 400C and 700C. One sample of each type (n and 007
p) was kept unannealed to be used as controls. : : : : : :

Next, Al dots (112 x 10-3 cn?) were thermally evaporated 3 2 N 0 ' 2
through a shadow mask as gate electrodes. Finally, a 2500- Ve
thick AuGe/Au (n-type substrate) or AuZn/Au (p-type sub-
strate) back electrode was evaporated. Postmetallization an-
nealing was performed in Ar atmosphere (3020 min). 140

1204

100+
Room Temperature

Capacitance (pF)
o
o

2.2 Electrical characterization 120]

To study the interface quality of MIS structures, we ap-
plied the following techniques: capacitance—voltaGe\Y),
deep-level transient spectroscopy (DLTS) and conductance
transient analyses.

C-V measurements were carried out at room tempera-
ture and at 78K, putting the sample in a light-tight, elec-
trically shielded box. The measurement setup involved 404
a 1MHz Boonton 72B capacitance meter and a Keithley
617 programmable electrometer. All the measurement runs 20
were computer-controlled. Figure 1 shows room-temperature . . . . . .
(&) and 78K (b)C-V curves obtained for the unannealed ’ ’ |
Al/SiN{ 55:H/Ing53Gay 47AS structure. Similar curves have V)
been obtained for all samples. Ti&-V curves obtained Fig. 1. 1MHzC-V curves obtained for the unannesled Al/SINy ss:H/
at 78 K show a lower flat-band voltage displacement and ajn, ;;Gag 47As sample: (a) room temperature, (b) 78 K.
stretch-out with respect to room-temperatGreV ones, thus
indicating that some traps in the material are frozen at low

temperatures. However, both room-temperature and 78 g fficiently high to drive the capacitors into accumula-
C-V curves obtained for all the samples clearly exhibit hysgon was applied in order to fill al interface traps. The inter-
teresis, thus indicating that the interface state distributiop.o trap distribution (Dj;) corresponding to one half of the
follows the well-known disorder-induced gap-state (DIGS}qrpidden gap (the upper half, E. to midgap, in n-substrates,
model® % According to this model, the interface states argnq the |ower half, midgap to Ey, in p-substrates) was de-
not only located at the interface but also distributed in bothced from DLTS measurements by means of the expressions
energy and space in the dielectric and in the semiconductpbqried elsewhere, ' by using an energy-independent cap-
The spatial extension of the disordered semiconductor regigfie cross section value of o, = 1 x 10 cm?2, which is typ-
is very narrow, aproximatelly one to three monolayers. Oﬂ:allyfound in 1=V semiconductor-based M1S structures. 1

the otherohand, the disordered insulator region reaches MQr&y-temperature transients provide information about inter-
than 100A. Emission and capture of free electrons by stateg e gates|ocated near band edges, whereas high-temperature
located in the insulator far from the interface can occur by angients correspond to the emission of those located very
means of tunnelling mechanisms. As emission and captuigy 1o the midgap. Asiswell known, the formation of the
kinetics are slow and asymmetrical, the capacitance value q&yersion layer leads to the formation of adummy pesk in the
pends on both the direction and the speed of the voltage vag Ts curves at high temperatures, which results in distor-
ation and, thus, hysteresis effects are observed. tions of the true spectra, so the interface state density values

DLTS measurements were carried out, between 78 a'&@rresponding to energy values near of midgap must be deter-
300K, using the same 1 MHz Boonton 72B capacitance M&sined with caution.

ter and an HP54501 digital oscilloscope to record capaci- \y,e have also used the DLTS technique to detect the deep
tance transients. In these experiments, the Keithley 617 preyels present in the semiconductor bulk.1? In this case, the
grammable electrometer was used together with an HP214; ght of the pulse and the bias voltage are chosen so that
pulse generator to introduce the quiescent bias and the ﬁﬂhesampleremainsinarong inversion; therefore theinterface
ing pulse, respectively. To obtain the interface trap distribUggres remain empty and do not contribute to the DLTS signal.
tion within the forbidden gap, the bias voltage was chosefy,q capacitance transients correspond in this case to changes

so that the MIS capacitor was just at the limit between dgg, e occupation factor of the deep levels occurring when
pletion and weak inversion. Also, a 2QG-wide pulse that

S
=)

Capacitance (pF)
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bias pulses are applied.

Aswe will show bellow, the DLTS technique does not pro-
vide U-shaped interface state distribution having a minimum
at or near the midgap, asis usually obtained by high- and low-
frequency C—V techniques. Differences between high- and
low-frequency C—V and DLTS results can be accounted for
by the presence of slow states at the insulator/semiconductor
interface, i.e., defects that are distributed away from the in-
terface into the insulator. When the interface states are dis-
tributed in such away, the electron emission and capture pro-
cesses involve both thermal excitation and tunneling, produc-
ing a broad time constant dispersion, thus affecting the in-
terface trap distribution obtained by high- and low-frequency
C-V and DLTS measurementsin different ways. Aswe have
mentioned above, hysteresis observed in C-V curves should
be related to this effect.

To further confirm the presence of such slow states, we per-
formed conductance transient measurements of the devices.
These transients appear over awide temperature range (200 K
to room temperature), and their shape is strongly dependent
on the measurement frequency. Moreover, conductance tran-
sient measurements provide quantitative information about
the disorder-induced gap states.’®14 As has been published
elsewhere, 19 from the experimental conductance transient,
G(t), we can obtain the DIGS state density (Npjgs) asafunc-
tion of the spatial distance to the interface (xc) and of the
energy position, as follows:

AG/w
Nbies = 04qA @)
Xe(t) = Xon IN(ogvinnst) 2
oovth Ne Xe()
E —EX.,t)=H KT I — kT 3
Xe, 1) eff 1 n(w/1.98> Yo 3
Xon = = @
o 2«/2meff Heff ’

where Xon, isthe tunnelling decay length, og isthe carrier cap-
turecross section valuefor x = 0, vy, isthe carrier thermal ve-
locity in the semiconductor, and ng is the free carrier density
at the interface. Finally, Hgt is the insulator-semiconductor
energy barrier for minority carriers and E’ means the carrier
energy band edge at the insulator (E/ for electrons and E;, for
holes).

3. Resultsand Discussion

3.1 SNy:H/n-Ings3Gag 47As structures

Figure 2(a) shows the interface trap distribution, ob-
tained by using DLTS, corresponding to unannealed
Al/SiNy:H/n-1ng 53Gag 47AS samples, with X varying between
0.97 and 1.55. We can see that intermediate x values (1.43
and 1.50) provide better interfaces than the highest and lowest
x values. Conductance transient measurements provide com-
plementary information. In fact, in Fig. 2(b) we have plotted
DIGS state density as a function of the distance from the in-
terface and of the energy position measured from the insula-
tor conduction band edge corresponding to the same samples.
According to this figure, DIGS state density increases when
x does. Hence, X = 1.55 seems to be the worst choiceto im-
provethe overall interface quality. In contrast, it isknown that
N-rich ECR SiNy:H films exhibit optimum dielectric char-
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Fig. 2. Induced damage in unannealed Al/SiNy:H/n-Ing53Gag.47As MIS

structures as a function of the insulator composition (x). (a) Interface
state density measured by DLTS. (b) DIGS state density obtained from
room-temperature-200 kHz conductance transient measurements.

acterigtics in terms of breakdown voltage and resistivity, as
is commonly observed in 111-V MIS devices.r” The opti-
mum dielectric characteristics can be explained in terms of
the ratio of N-H bond to Si—H bond densities. Because N-H
bonds have lower bond energy (4.05eV)® than Si—H bonds
(3.1eV),™ the probability of having dangling bonds is lower
for N-rich than for Si-rich films, i.e., lattices having high ni-
trogen concentrations have higher electrical stability. Indeed,
improved values of resistivity and breakdown field are ob-
tained when x increases.”) Hence, x = 1.50 and x = 1.55 are
the most suitable values for improving the electrical proper-
ties of the insulator bulk. Thus, we have used x = 1.50 as
the best choice for the trade-off between interface quality and
insulator electrical properties.

Regarding the influence of RTA temperature on interface
quality, in Fig. 3(a) we present DLTS results corresponding
to samples with a dielectric composition of x = 1.50, unan-
nealed and RT-anneal ed at different temperatures (400°, 500°,
550°, 600° and 700°C). These curves indicate that RTA tem-
peratures between 500°C and 600°C decrease the interfacial
state density of SiNy:H/n-Ings3Gag 47As samples, whereas
annealing temperatures of 400°C and 700°C do increase it.
On the other hand, conductance transient measurements [Fig.
3(b)] indicate that the evolution of DIGS state density with
RTA temperature is exactly the opposite of that of interfacial
state density, i.e., high and low temperatures diminish DIGS
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Fig. 3. Induced damagein Al/SINy 5:H/n-Ing53Gag 47As MIS structures at

different RTA temperatures: (a) I nterface state density measured by DLTS.
(b) DIGS state density obtained from room-temperature-200 kHz conduc-
tance transient measurements.

state density, whereas intermediate temperatures increase it.
This behaviour suggests some temperature activated defect
exchange between the insulator and the interface. Moreover,
previousbulk insulator resistivity p and breakdown field EB
measurements”) showed that between 500°C and 600°C, the
maxima of p (8 x 10® Qcm) and Eg (7-8MV cm™?) are at-
tained, and above 600°C, the insulator electrical properties
sharply deteriorate. It is known that low-temperature anneal -
ing of SiNy:H promotes a decrease of dangling bond density
and athermal relaxation and reconstruction of thelattice, both
in the bulk and at the insulator-semiconductor interface, as
was shown for SiNy:H/n-InP*2-22) and SiN, :H/n-Si capaci-
tors.2324 |n our case, temperature val ues between 500°C and
600°C are optimum. At temperatures above 600°C, the ther-
mal stress on the structure is sufficiently high for the insulator
and the interface properties to degrade rapidly.

Finally, from DLTS measurements, we have only detected
a single deep level located at about 0.42¢eV below the con-
duction band edge, for both unannealed and RT-anneaed
SiNy:H/n-Ing 53Gag 47ASs samples, and it is probably related to
anative center in the n-1ng 53Gag 47AS substrate. Inthe DLTS
spectra of Fig. 4, corresponding to an emission time constant
of 23.7ms, we can observe the peak at 175K related to this
deep level.

Hence, we conclude that a simple cleaning step prior to
the insulator deposition, and a postdeposition RTA process
between 500°C and 600°C for 30s are sufficient to achieve

H. CASTAN et al.
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Fig. 4. Deep level located at 0.42€V below the conduction band edge de-
tected by DLTS for Al/SiNy:H/n-Ing 53Gag 47AS MIS structures.
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Fig. 5. Induced damage in unannealed Al/SiNy:H/p-Ings3Gag.47As MIS
structures as a function of insulator composition (x). (&) Interface
state density measured by DLTS. (b) DIGS state density obtained from
room-temperature-200 kHz conductance transient measurements.

good-quality Al/SINy:H/n-1ng s3Gag 47AS structures.

3.2 SNy:H/p-Ings3Gag 47As structures

In Fig. 5(a) we show DLTS results of the study of the
insulator composition influence on the interface quality of
SiNy:H/p-Ing 53Gag 47AS structures. From this figure, we can
conclude that extreme values of x (0.97 and 1.55) provide
higher interface state density than intermediate values (1.43
and 1.50). On the other hand, from conductance transient
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measurements [Fig. 5(b)] we conclude that higher DIGS state
density values are obtained when ahigh x value (1.55) is used.
Therefore, x = 1.55 seemsto be the worst choice for improv-
ing the quality of SINy:H/p-1ngs3Gag 47AS interfaces. Taking
into account, as we have said before, that N-rich films show
optimum insulator electrical properties, such asresistivity and
breakdown field, we can conclude that x = 1.50 is a good
choice for the dielectric composition, in agreement with our
results corresponding to SiNy:H/n-1ng s3Gag 47AS structures.
However, we can see that D;; values obtained for p-structures
are higher than those obtained for n-structures. This finding
indicates that p-surface quality is worse than n-surface qual-
ity, and can be explained by taking into account the migration
of Zn-dopant atoms to the surface in the case of p-structures.

In contrast, the influence of RTA temperature seems
to be different for SiNy:H/p-Ings3Gag47As compared to
that for SiNy:H/n-Ings3Gag47AS structures.  Figure 6(a)
shows the interface trap distribution obtained by DLTS
for Al/SINy5:H/p-Ings53Gag47AS samples unannealed and
RT-annealed at temperatures of 400°, 500° and 600°C. The
700°C-DLTS curve is not shown because interface quality
sharply degrades at temperatures above 600°C. We can see
that RTA improves interface quality, and that interfacial state
density decreases as temperature decreases. On the other
hand, DIGS state density also decreases with RTA treatment,
as we can see in Fig. 6(b). Therefore, the best RTA temper-
ature seems to be 400°C. The differences observed between
the n- and p-structures may be due to the fact that unannealed
p-structures show higher Dj; values than n-structures, as we
have said before, and therefore a 400°C-RTA treatment is

@
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Fig. 6. Induced damagein Al/SINy 5:H/p-Ings53Gag 47AS MIS structures at
different RTA temperatures. (a) I nterface state density measured by DLTS.
(b) DIGS state density obtained from room-temperature-200 kHz conduc-
tance transient measurements.
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Fig. 7. Deeplevel located at 0.32 €V above the valence band edge detected
by DLTSfor Al/SiNy:H/p-Ing 53Gag.47As MIS structures.

sufficient to promote a significant decrease of dangling bond
density in the p-type structures, whereas in the n-type struc-
tures a temperature of about 500°—600°C is necessary. How-
ever, since resistivity and breakdown field reach their opti-
mum values between 500° and 600°C, we can conclude that
the optimum RTA temperature is 500°—600°C, in agreement
with our results for n-type structures.

For deep levelsin the semiconductor substrate, in Fig. 7 we
show the DLTS spectrum corresponding to an emission time
constant of 18 ms. The presence of a maximum at atempera-
ture of about 200K isrelated to the existence of a deep level
located at 0.32eV above the valence band edge. This deep
level, which has been previously observed by usin n*p junc-
tions fabricated on the same substrates, can be attributed to a
native center in p-1ng s3Gag 47AS.

4. Conclusions

We have carried out the electrical characterization of ECR
ex situ deposited Al/SiNy:H/n and p-Ing s3Gag 47AS structures
using C—V, DLTS and conductance transient techniques. Our
results show that excellent M1S structures have been obtained,
and that better interface quality is achieved for n-type than for
p-type capacitors, probably due to the absence of the migra-
tion of Zn-dopant atoms to the surface in the former case.

Regarding the dielectric composition, our experimental re-
sultsindicate that x = 1.50 (corresponding to agasflow ratio
of R = [N2]/[SiH4] = 5) isthe best choice for the insulator
composition in order to obtain a good compromise between
interface trap density and dielectric properties. On the other
hand, we have observed that RTA treatment between 500° and
600°C after dielectric deposition clearly improves MIS qual-
ity, thus indicating that a decrease of dangling bond density,
thermal relaxation and reconstruction of the lattice are pro-
moted. Moreover, we have only detected deep levels associ-
ated with native centersin the semiconductor bulk, so we can
conclude that ECR-CVD and RTA processes are sufficiently
“soft” to be used in Ing 53Gag 47AS-based MIS device fabrica-
tion.
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