Thermally oxidized AIN thin films for device insulators
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The structural, optical, and electronic properties of an insulating material prepared by the thermal
oxidation of AIN thin films on Si have been studied by a number of different experimental
techniques. The thermal oxidation at 1100 °C of reactively sputtered AIN films on Si wafers was
found to result in the formation of an oxide with a relative Al to O concentration negdAkith

small amounts of incorporated N. The structure of the AIO:N oxide could be varied between
amorphous and polycrystalline, depending on the preparation conditions, and the oxide surface was
found to be approximately three time smoother than the as-sputtered AIN films. Metal-oxide—
silicon capacitors had an oxide charge density of about' d® 2, capacitance—voltage
characteristics similar to pure SiCand a dielectric constant of 12.4. Infrared measurements yielded
a refractive index of 3.9. These results indicate that thermally oxidized AIN films show promise as
insulating structures for many integrated circuit applications, particularly for the case of 1lI-V and
group lll-nitride based semiconductors. 97 American Institute of Physics.
[S0003-695(197)01920-1

High quality insulating films are an essential componenthad a 1:1 ratio between Al and N to within 5% error, and
of many electronic devices. Insulating native oxides preparedontained~10% oxygen.
by thermal oxidation are of particular importance because of  All samples reported here were oxidized in a horizontal
the small defect densities characteristic of the buried interguartz furnace tube under fixed conditions of 1100 °C for 2 h
face, and the relative ease with which they can be formedwith oxygen. The furnace tube was not hermetically sealed,
For example, thermally grown SiQs routinely used as the So ambient air was present during the loading and unloading
gate insulator on Si based field-effect integrated circuits an@f samples. For a sample having an as-grown AIN thickness
as an insulating layer for interconnect wiring. Unfortunately,of 260 nm, Rutherford backscattering spectromef®RBS)
the native oxides of important Il1-V semiconductdsith calibrated with gauge standards indicated that the AIO:N
the exception of AlAs(Refs. 1-3] and group lIl nitrides comprised a bilayered structure of Al-@ith an atomic
(Refs. 4 and 5have been unsuitable, either because they ar&action ratio of 2:3 on a thin layer of Si@ at the Si inter-
unstable at circuit processing temperatures or are of insuffface, as in Fig. 1, having respective thicknesses of#Hp
cient quality. It is, therefore, of considerable technologicaland 17G= 10 nm. The oxidation timefd h completely oxi-
importance to explore the possibility of preparing new insu-dized the AIN and some of the underlying Si. Different pro-
lating materials for integrated circuit applications. In this let-cess conditions may possibly stop the oxidation at the Si
ter, we describe the preparation of such a material based on
the thermal oxidation of AIN thin films to an AIO:N alloy
with desirable optical and electronic properties.

To provide samples for oxidation, a series of AIN thin
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films was grown by reactive sputtering rtype (100 sili- = 30} o Si (substrate) |
con substrates, although we expect that epitaxial growth > 25 / |
techniques should yield even higher purity AIN. We used a P Si in SiO
UHV magnetron sputtering systefenton Vacuum Discov- §20 i 2
ery 18, operating at 200—400 W with an Al metal target and =15 § / .
a mixture of N/Ar gases. AIN film thickness ranged from g 10 by Al |
0.2 to 0.6um, measured by atomic force microscogyFM) s M Wby

and stylus profilometry at step edges. X-ray diffraction Z5 1
(XRD) suggested that the structure of the as-grown AIN
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films varied from microcrystallingalmost amorphoysto Channel

polycrystalline AIN, depending on deposition parameters;
lower sputtering pressure and higher rf power produced

. . . . FIG. 1. Normalized RBS data and curve-f#mooth ling spectra of oxi-
stronger crystalline XRD peaks. Composition analysis USING ed AIN on Si(sample No. 90106 performed with 2.0 MeV He ion

Auger electron spectroscopAES) and energy dispersive peam, showing Al at 1.1 MeV, Si from the thin Si@yer at 978 keV, Si
analysis of x raysEDAX), showed that as-grown AIN films from substrate at 876.2 keV, and O from the AIO:N at 719.5 keV. The
position where N would appear is at 617.2 keV. For the best-fit curve,
elemental compositions of 38% and 62% were used for Al and O, respec-
3E|ectronic mail: enam@udel.edu tively, in the AIO:N layer.
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) . ) FIG. 3. AFM scan showing a birds-eye view of a 10004900 nm sur-
FIG. 2. X-ray diffraction spectrum of AIO:N oxidésample No. 81705  face region of AIO:N oxidelsample No. 90106 having a height range of

with two peaks at 37.8°, and 43.3° in the diffraction angle, which corre- 12 6 nm. The average height was 5.9 nm and the rms roughness was 1.2 nm.
spond to the respective peaks of {140 and (113 planes ofa-Al,Os.

SiO,. At large negative voltages, the capacitance saturated,
interface, which may or may not be desirable for optimumindicating accumulation. Near 0 V, the capacitance de-
device properties. The use of substrates other than Si mayeased, indicating depletion. Similar behavior had been pre-
also affect the oxide thickness. The RBS thickness error wagiously observed by Schubeet al® with oxidized AlAs. To
estimated by curve fitting usingump software? Analysis  calculate the dielectric properties, the capacitance per unit
suggested an upper limit of 7% for N in the AIO:N. The AES area at the maximurtaccumulatioi C .., and the minimum
and EDAX compositions, calibrated using polycrystalline (inversion C;,,, were analyzed using the following equa-
Al,O; gauge standards, showed a 2:3 composition ratio fotions:

Al and O in the AIO:N layer, implying AIO; with a trace of " Wl 1
N (<10%), in agreement with RBS. Most of the N from the CaCC:@, Cinv:(ﬂJr ﬂ) '
AIN escaped during oxidation. Lox

XRD measurements were performed at room temper%herewdep: (ZESEg/ezNA) 12 andeox andeS are the electric
ture using a Phillips¢/260 powder diffractometer with Cu  permittivities of the oxide and the semiconducteris the
K a radiation. Some AIO:N films had broad, featureless X-raymagnitude of the electron chardg, is the band gap of Si,
spectra and were considered microcrystalline or amorphougndN,=5x 10'° cm™3 is the Si substrate acceptor concen-
whereas some had peaks in the 30°-€R6) range, as tration (from four-point-probe resistivity measurementsor
shown in Fig. 2, corresponding to tabulated values forsagmples in which the total oxide layer comprised a bilayered
a-Al;03 and these films were considered polycrystalline.structure of AIO:N and a thin layer of Sicat the interface,
One AIO:N sample showed a broad, low intens292) peak e modeled the structure as two dielectrics in series. The

at 20:45760, with grain diameter of 3 nm estimated us- sample of F|g 4 having a totdcombined AIO:N and
ing Scherrer's formuld, and another with different AIN

deposition conditions had two x-ray diffraction peaks, as in
Fig. 2, with ~40 nm grains. The AIO:N structure depended

ox €s

on the structure of the as-grown AIN films: microcrystalline 10+ 7

AIN oxidized into amorphous AlO:N layers, and AIN having CQ ’Tl

stronger XRD peaks oxidized into polycrystalline AIO:N. =97 AION |
Figure 3 shows an AFM scan of the AIO:N surface in S gl SiO. i

air, performed using a Topometrix Explorer instrument. The = - 2

rms roughness was-1.2 nm, smaller than that of the as- = 7t Si substrate

grown AIN (rms ~4 nm). Oxidation caused distinct changes a

in the morphology: the as-grown AIN surface appeared 8 61 iy

granular, with grain diameters of 68 nm; the oxidized sur-

face appeared featureless, with small undulations perhaps S5t , , , , . , ]

caused by expansion of the surface with incorporation of O 30 =20 -10 0 10 20 30

during oxidatiorf Gate Voltage

To assess the densities of the defect states and the

charges in the composite AIO:N/Sj@xide system, room- FiG. 4. Capacitance—voltage characteristic of Al/oxide/Si strudsaeple
temperature capacitance versus voltage-Y) measure- No. 90106 with flatband voltageVez=—2.723 V, threshold voltage

ments were performed at a frequency Of 1 MHZ USIng 329/1—:_0783 V, oxide Capacitanc@acc=9.38 pF, and insulator/depletion

. . . series capacitanc€;,,=5.04 pF. Measurements were performed at room
Hm diam Al metal contacts 300 nm thick. Figure 4 shows thetemperature at a frequency of®1Bz. The inset shows the layered structure

Cc-Vv curve for an Al/oxide/Si structure having oxide sub- seq for measurements. The oxide layer comprised AlO:N ang Sifilay-
layer thicknesses of 455 nm for thex@k and 170 nm for the  ers of thicknesses.
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SiO,) oxide thicknesst,=625nm (from RBS and ¢,, 3.9. The capacitance—voltage characteristics demonstrated
=7.78, had epo.n=12.4 €, for the electric permittivity of ~ the control of the Si surface charge between accumulation
the ALO,, in agreement with tabulated values ferAl,0;  and depletion, similar to the behavior of the conventional
(sapphirg,® where ¢, is the permittivity of free space, and SiO,/Si system. These results are encouraging for the possi-
x=23.9, was used for the dielectric constant of SiO bility of novel compound semiconductors devices and cir-
The densities of fixed charg&) and interface trapped Cuits based on a new thermally oxidized nitride technology.
charge Q;) were combined into an effective defect charge  The authors are grateful to B. Orner for the FTIR mea-
density Q.=(Q;+Q;), for the total oxide comprising surements, Dr. P. R. Berger for ellipsometry measurements,
Al,O; and SiQ sublayers, calculated from the shift in the M. Ahmed for the four-point-probe measurements, and Dr. J.

metal—oxide—silicon flatband voltag¥ ) according t¢° Zavada and Lt. Col. Dr. G. Pomrenke for helpful discussions
and encouragement. Special thanks to D. Smith for assis-

Veg=— %"'q)my tance with processing and measurements. This research was
Cox supported by DARPA Contract No. F49620-96-C-0006, and

The total effective charge density for the sample of Fig. 4ARO Grant No. DAAH04-95-1-0625.
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