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X/ Abstract

The enclosed report represents work performed at UCSD on Contract N0O0OO14-84-K-
0459 entitled, "Interfacial Properties of Germanium Nitride Dielectric Layers on
Germanium", and provides a full account of the results obtained during the contract period:
July 1, 1985 to September 30, 1986. The paper, "Growth of Amorphous Germanium Nitride
Films by Indirect Plasma CVD", has been published in the JOURNAL OF THE
ELECTROCHEMICAL SOCIETY, Volume 134, page 979 (1987). The remainder of this

report describes additional unpublished results.
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The second year’s effort on this project has been focused on optimizing the quality of
germanium nitride layers on germanium substrates and optimizing the interfacial properties
of these structures. The electrical and physical properties of these layers have been reported
in the attached article. One of the most difficult problems we encountered was that while the
Ge3 Ny layers gave improved interfacial properties on the Ge substrates, we could never get
the resistivity of our deposited GesN4 above about 10'*Q cm. This gave us larger hysteresis
in the C-V curves than we would like to have seen and made low frequency C-V
measurements difficult. This difficulty is often not stated explicitly in other published work
on this material, but if you read between the lines it seems other workers have had similar
problems. We have tried various annealing treatments in O N, and Hj before and after the
Ge3Ny deposition and have not seen improvements in the electrical properties of the MIS

capacitors which were impressive.

The reported bandgap of Ge3 N, is somewhat low (4.7 eV). We wondered if reductions
in the DC leakage currents through the deposited layers could be achieved if Si were reacted
with ammonia to form Si3Ny layers since the bandgap of SizN, (5.3 eV) is somewhat larger
than for Ge3 Ny, and it is known that highly insulating layers of Si3N4 may be fabricated.
The problem with depositing Siz Ny directly on Ge is well illustrated by Fig. 1 which shows
the 15 V flatband shift which occurs when this dielectric is deposited directly on a Ge
substrate. We have constructed double layer SizN4/Ges;N4/Ge and Si3N4/SixGeyN/Ge
capacitors and have achieved the best results using the Si3N,4/Si,GeyN/Ge structures.
Representative C-V data for these devices are shown in Figs. 2 and 3. The 0.4 V hysteresis
for the device in Fig. 3 is the smallest we have seen for any processing technique we have

tried on germanium.
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Growth of Amorphous Germanium Nitride
Films by Indirect-Plasma Enhanced CVD

D. B. Alford and L. G. Meiners*

Department of Electrical Engineering and Computer Sciences, University of California. San Diego,
La Jolla, California 92993

ABSTRACT

Growth of Ge,;N, films was achieved by microwave-sustained ind:rect-plasma enhanced chemical vapor deposition
(CVD) using GeH, and NH, as the source gases. Lavers were depos::ed on single crystal substrates of Ge and Si and
capacitance- voltage (C-V), infrared absorption. and ellipsometric measurements were performed. Films grown at
300°-400°C were primarily a-Ge N,. High frequency (1 MHz) C-V measusements exhibited approximately 2V hysteresis and
a fast interface state density estimated to be less than 3 < 10" cm eV

Development ot a high speed complementary FET
technology based on germanium MIS structures would
be possible if a dielectric film could be grown such thata
stable. device guality, dielectric-semiconductor inter-
face could be formed. The development of a technology
for forming such intertfaces has been hindered by the fact
that the native oxides formed on germanium are rather
unstable. The monoxide sublimes at 710°C. This makes it
very difficult to grow the dioxide thermally since the for-
mation and subsequent sublimation of the monoxide
provides a reaction path for the transport of germanium
away tfrom the surface and leads to the creation of voids
underneath the growing diox:de layer (1). The growth
proceeds uniformly only after enough GeO. has tormed
to act as a cap to prevent the sublimation of GeO. The
GeO, layers once formed are not readily amenable to tur-
ther chemical processing. Two crystailine forms of GeO.
have been reported: a hexagonal and a tetrahedrai struc-
ture. The hexagonal structure 1s soluble 1n aqueous solu-
tion which 1s consistent with the fuct that thermally
grown films can usually be washed off in water. In an ef-
fort to create a more stable dielectric layer on germa-
nium. a number of workers have employed various de-
posited layers on germanium. While this provides a
chemically stable interface, the interrace state densities
that are observed on such structures are usually quite
high. The initial work on deposited dielectrics on germa-
nium was confined to the CVD oxides Si0O, and ALO,
{2-5). The electrical properties of the MIS structures
formed with these dielectrics were characterized by
rather large densities of both tast and slow states at the
interface between the insulator and the semiconductor.
Due to the large density of fast interface states present in
these structures analysis of C-V data was not possible
unless high frequency (>10 MHz) or low temperature
177 K) was employed to increase the charging time con-
stants of the fast states. relative to the measurement fre-
quency, so that the surrace-state capacitance was
negligible (2). At room temperature n-type samples
tended to have a surface which was near flatband or
slightly depleted. and the surtace-state density was too
high to induce inversion at room temperature with a gate
voitage below that "vhich produces dielectric breakdown
13). At 77 K the time constants of the surface states were
increased. and the Fermi level at the surface could be
modulated over the entire bandgap. but it was not clear
that an inversion layer was actually being formed. Pre.
sumably the poor electrical behavior of the SiO; and
Al,O, layers on germanium is due to the tact that the oxy-
gen, which is present as part of the Si0, CVD deposition
process, creates under the deposition conditions an un-
derlayer of native oxide of a type which serves as a me.
dium for the trapping ot charge.

Much improved interfacial electrical properties have
been obtained on germanium by substituting Ge.N, for
Si0, as the dielectric. A strikingly ditferent feature of the
electrical measurements on such lavers 1s the reduction
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of the number of interface states and the increase of their
time constants. The previously reported work on the
deposizion of Ge N, layers on germanium emploved
GeCl, ar.d NH, as the reactant gases. Although NH,C! is
an uncesirable by-product of this reaction. it sublimes at
3353°C and should not become incorporated into the lay-
ers if the substrate is kept above this temperature. A po-
tentiailv more disturbing problem associated with the
use ot GeCl, is the incorporation of chlorine into the de-
posited layers. Comparison studies have been made
using both SiH, and SiCl, as source materials for the
growtr of Si0, and Si,N, layers in the same plasma CVD
reactor. Invariably the layvers grown using SiCl, had elec-
trical zroperties {low breakdown veitage and high inter-
face siate density) which were inferior to those of layers
grown using SiH, (6). In the case of the SiO, layers grown
using S8:Cl, the results were very similar to reported re-
sults or Cl-doped thermally grown 310, layers in which
too much Cl, or HCl is present in the reactor during ox-
ide growth. In light of those results it 1s tempting to spec-
ulate that the GeCl,-NH, reaction would not be the first
choice Jor a process for growing Ge N, lavers on germa-
nium.

This paper reports growth of amorphous germanium
nitride ilms by microwave-sustained indirect-plasma
enhanced CVD from the reaction of zermane (GeH,) and
ammon:a (NH,) on substrates of single cryvstal Ge or S1.
The ccastraints imposed by the low decomposition tem-
perature of GeH, are discussed.

Experimental

Growth of the films was accomplished in a horizontal
quartz tube enclosed by a split tube resistance heated
furnace. As shown in Fig. 1. a plasma was generated in an
adjacent chamber by passing NH, gas through a coaxial
microwave resonant cavity excited in the TE,,,* hvbrid
mode at 2.45 GHz equipped to suppiv 0-600W power. The
aftergiow of this plasma was carried into the deposition
chamkber through a 5 mm id quartz tube and directed
onto the substrate. GeH, supplied as 10% in N, was add1-
tionaily diluted with N, and entered the reaction vessel
separately. The high purity NH. gas was bubbled
throughn a gallium-indjum eutectic alloy containtng dis-
solved aluminum metal. to scavenge water vapor and
oxvgen which might be present as impurities 1n the NH,
Rl

The :avers were deposited on singie crystal n =3 ~ 10"

cmt, - 100) oriented-Ge and on n - 1 10" cm ¢,
1
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Fig. 1 Schematic diagram of indirect-plasma CVD system
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Fig. 2. Capacitonce vs. voltage and conductance vs. voltage meq- -1
surements on an Al-Ge,N,-Ge MIS device. Wavenumber cm
Fig. 4. Infrared transmittance measurements of o Ge N, Joyer
550 100
o 495 _j %0 Ge with NH; above 700°C shows absorption peaks at 770
& 440 Stiicen subatrere / a0 and 730 cm ™', the latter corresponding to adsorption by «
= ! 1 ; phase Ge,N,(8). The IR plot of one of our layers as shown
8 / - in Fig. 4, has a broad absorption peak in this wavelength
- 1 ;:’ region similar to the data of Nagai and Nimi (8) and
- b . which they identify as a-Ge,N,. The smaller absorption
b . H peaks at 1200 and 600 cm ' are due to traces of S10, on
2 s the Si substrate. There 1s no peak at either 800 or 570
3 H cm~! corresponding to GeO., and thus no evidence for
S e oxygen incorporation in the ilm.
Capacitance-voltage measurements of these lavers

ichage  Valts

Fig. 3. Capacitance vs. voltage and conductance vs. voltage meg-
surements on an Al-Ge,N,-Si MIS device.

(100)-oriented silicon substrates. Immediately prior to
deposition the substrates were etched in HF and rinsed
in DI water. The substrates were raised to deposition
temperature in an N. ambient. the NH; and the GeH,
were subsequently turned on and the deposition began
when power was applied to the microwave cavity.

Resuits

Growth of Ge,N, films by [PECVD was accomplished
in the temperature range of 300°-400°C at pressures of
about 1.4 torr and deposition times of about 15 min, The
maximum growth temperature was limited to approxi-
mately 450°C since GeH, begins to pyrolytically decom-
pose at about 500°C. When this happens Ge-rich layers
result. The growth rate was comparatively insensitive to
the power level of the microwave, the NH, flow rate, or
the pressure. The substrate temperature and GeH, con-
centration determined the film quality and growth rate.
Substrate temperatures much below 300°C yielded low
growth rates and low refractive index (n = 1.74) films
with poor electrical characteristics. A too high GeH, con-
centration resulted in Ge-rich. discolored films, while a
too low concentration gave very low growth rates. C-V
curves from representative samples grown at 325° and
350°C with flow rates of 130 sccm NH,, 15 sccm GeH,
(10% in N,) mixed with 25 sccm N, are presented in Fig. 2
and 3. The deposition rate under these conditions was 4
nm/min.

The thickness and refractive index of the films were
determined from ellipsometric measurements at 63284
(HeNe). Tvpicaily the tilms were about 40 nm thick with
refractive indexes varying from n = 1.74 to 2.15. The re.
sistivity varied directly as the refractive index, being
lower for low index films. The composition of the films
was investigated by measuring the infrared absorption
(IR) spectra of layers deposited on silicon substrates.
The IR spectrum of crystalline Ge,N, formed by reacting

were made in a light-tight enclosure at room temperature
using a 1| MHz bridge at a bias sweep rate o 0.1 V's. Mea-
surements on representative samples. as shown in Fig. 2
and 3. are dominated by a density of slow traps which
gives approximately 2V hysteresis in the negative-going
and positive-going curves. The density of fast interface
states seems to be Jow which may be due to the success-
ful removal of oxvgen-contamning contaminants from the
NH, gas. The observed hysteresis of about 2V compares
favorably with that reported by Yashiro (9) tfor Ge.N,
CVD deposited from pyrolysis of GeCl, and NH, at 450°C.

The saturation of the capacitance at both positive and
negative voltages suggests that the surface can be modu-
lated all the way from accumulation to inversion.

Conclusion
The major problem vet to be solved using this method

of ilm growth is the undesirably low bulk resistance ot

the layer — typically 10'*-10"*1} cm. It 1s thought that the
leakage that is presently observed is probably also re-
lated to the slow trapping behavior that i1s present. The
leakage is most probably due to nonstoichiometric re-
gions in the deposited layers. A perenmal problem with
this type of film growth is obtaining a reactor design
which will force the reaction ot (in this caser GeH, to
compietion once the decomposition of a molecule has
been initiated by an excited nitrogen monomer.

Manuscript submitted Feb. 24, 1986; revised manu-
script received Dec. 9, 1986.

The University of California. San Diwego ussisted in
meeting the publication costs of this article.
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