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The low-temperature nitridation of gallium arsenide, silicon and transition metals
was investigated using hydrazine. Gallium nitride films were grown on gallium arsenide
(GaAs) by direct reaction of the semiconductor surface layers with hydrazine at
200-400°C. Auger electron spectroscopy and X-ray photoelectron spectroscopy (XPS)
analyses show that the films are primarily gallium nitride with a small oxide impurity.
Thin nitride films (~ 15 A) were grown on silicon by reaction with hydrazine at
300-500°C. Ellipsometry results suggest that the film growth goes through different
phases following linear, parabolic and logarithmic functions with time. XPS analysis
shows that the nitride films could be formed at much lower temperatures than possible
with ammonia (300 vs. 600°C). The formation of numerous transition metal nitrides
(Co, Cr, Fe, Mo, Si, Ta, Ti, V, and W) by reaction with hydrazine at 400°C is demon-
strated, as well as the chemical vapor deposition of boron nitride films from diborane
and hydrazine reactants. The temperature at the mixing point was critical in determining
the final composition of the film. A 1-D transport model suggests that the reaction rate
at 400°C was kinetically limited. The results also agree qualitatively with thermody-
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namic equilibrium calculations.

Introduction

Nitride films are attractive surface layers because they of-
ten have high melting points, excellent hardness, valuable
electrical properties, and good chemical stability (Weast,
1980; Vasile et al., 1990; Lee et al., 1990). For example, the
exposed surfaces of many metals are susceptible to corrosion.
Stabilizing the surface with a nitride is helpful in minimizing
damage to the metal substrates (Maissel and Glang, 1970).
Silicon nitride is used in the manufacture of transistors and
capacitors in integrated circuits (Runyan and Bean, 1990;
Murarka et al., 1979a).

A more specific application of metal nitrides is the passiva-
tion of III-V semiconductors. An attractive passivation pro-
cess would mimic the growth of silicon dioxide on silicon.
Because the oxide film grows by consumption of the silicon
substrate, the film /substrate interface is clean, and the film
provides excellent passivation. In the case of III-V semicon-
ductors, a thin, large bandgap semiconductor would first be
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grown on the surface by consuming the surface layers of the
HI-V semiconductor substrate. The direct growth process
would react the surface with gas species. The film /substrate
interface is expected to be very clean because atmospheric
and other surface impurities would not be present. Since the
energy gap of the passivating material is wider than the semi-
conductor, a potential barrier would be created that repels
both holes and electrons from the insulator (Pankove, 1980).
The decreased concentration of free carriers would help min-
imize the effect of any surface states. Although this approach
of using large bandgap materials for passivating IIT-V semi-
conductors is attractive, it does not preclude the possibility of
other problems occurring, such as interface states and de-
fects.

Unfortunately, passivation of III-V semiconductor sur-
faces is difficult. Oxidation produces hydroscopic, noninsulat-
ing films that are not suitable for microelectronics applica-
tions (Thurmond et al., 1980; Capasso and Williams, 1982;
Frese and Morrison, 1979; Chang et al., 1978; Hall et al.,
1986; Schwartz et al., 1979; Wang et al., 1982). Additionally,
III-V semiconductors have high vapor pressures and require
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processing below 400°C (Kang et al., 1987). Nitridation with
ammonia or nitrogen requires temperatures in excess of 800°C
(Faulkner et al., 1970; Isherwood and Wickenden, 1970;
Prochazkova and Srobar et al., 1977; Matsuno et al., 1980).
Plasma, ion, and photon beams can lower the nitridation re-
action temperature, but high-energy particles and photons in
these processes can damage the surface layers of the crys-
talline semiconductors (Gourrier et al., 1983, 1985; Friedel
and Landesman, 1987; Blanchet et al., 1984; Berger et al,
1990; Troost et al., 1991; Sawada et al., 1987, Guizot et al.,
1989).

This study investigated the direct nitridation of GaAs with
hydrazine as a possible passivation process. A nitride film was
grown by consuming the native semiconductor through reac-
tion with hydrazine. The endothermic nature of hydrazine
lowers the amount of thermal energy necessary for the growth
and deposition of nitride films (Schmidt, 1984). Group 111
nitrides are stable compounds that can chemically and elec-
trically passivate the semiconductor surface.

Once the semiconductor lattice has been terminated with a
wider bandgap material (GaN), a thick insulator can be de-
posited on the surface. The interface between the large
bandgap semiconductor and the insulator is not as sensitive
to dangling bonds because the potential barrier is larger
(Pankove et al., 1983). Although the potential barrier is im-
portant, the presence of charged states (or other defects) at
the interface can dominate the electrical properties. In this
investigation, boron nitride has been investigated as the insu-
lator layer. Boron nitride films have good insulating proper-
ties, high melting points, and high resistivities making them
attractive for use in the microelectronics industry (Rand and
Roberts, 1968). They have been used as interlayer dielectrics
in very large-scale integration (VSLI) devices and as the ac-
tive insulating layer for metal-insulator-metal devices in
switching arrays for liquid-crystal displays (Strongin et al.,
1992). Boron nitride films can also be used as electron and
X-ray lithography masks (Levy et al., 1988; King et al., 1987).
Boron nitride films have been prepared previously by the re-
action of ammonia and boron trichloride at 250-1,200°C
{(Motojima et al., 1982; Sano and Aoki, 1981), reaction of am-
monia and diborane at 250—1,250°C (Rand and Roberts, 1968;
Murarka et al., 1979; Adams and Capio, 1980; Kim et al,
1984), reaction of diborane and ammonia in a plasma (Gafri
et al., 1980; Hyder and Yep, 1976), pyrolysis of borazine at
300-450°C (Adams, 1981), reaction of decaborane and am-
monia at 300-800°C (Nakamura, 1985), and metal-organic
chemical vapor deposition (MOCVD) from triethylboron and
ammonia at 750-1,200°C (Nakamura, 1986). More recently,
Rodriguez et al. (1992) and Truong et al. (1992) have studied
the adsorption kinetics of diborane, ammonia, and hydrazine
on ruthenium. The results of these UHV studies suggested
that high reaction temperatures (> 600°C) were needed to
form boron nitride films because ammonia has high chemical
stability. The motivation in this work is to lower the reaction
temperature ( < 400°C) by using a less stable nitrogen species,
namely hydrazine.

In summary, the low-temperature nitridation of GaAs, sili-
con, and transition metals using hydrazine has been studied.
The investigation included the design and construction of a
reactor, development of a process sequence, chemical analy-
sis of the nitride films, and modeling for the nitride film
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growth behavior. The second type of reaction considered was
the chemical vapor deposition (CVD) of boron nitride films
from diborane and hydrazine. The study included thermody-
namic equilibrium calculations, transport modeling, and ex-
perimental analysis.

Experimental
Analysis equipment

Auger Electron Spectroscopy (AES) and X-ray Photoelec-
tron Spectroscopy (XPS) were used for elemental analysis of
the thin films. AES was performed with a Physical Electron-
ics Model 600 (Eden Prairie, MN) Scanning Auger Multi-
probe. The base pressure inside the chamber was ~ 7.0X
10719 torr. A 3-keV, 1-pA electron beam was used for exci-
tation. A rastered 2-keV (40-uA/cm?) Ar* ion beam was
used during ion etching. The argon pressure was ~ 1.0X 1078
torr. The ion etch rate was 60 1 15 ;\/rnin for thermally grown
Si0,. The variation in ion etch rates between the different
substrates was not investigated in this study. The Surface Sci-
ence SSX-100 (Mountain View, CA) XPS was equipped with
an aluminum K-a X-ray source and a crystalline X-ray
monochromator. The operating pressure in the sample cham-
ber was ~ 4x107° torr. The XPS system was also equipped
with a 4-keV argon ion gun that was used to lightly clean the
surface. The argon pressure was 3.7X100_7 torr during ion
etching. The ion etch rate was 1545 A/min for thermally
grown SiO,. The spectrometer was calibrated to Au 4f,, at
84.0 eV, and the peak positions were referenced to Cls at
284.6 ¢V. Standard materials were analyzed whenever possi-
ble to identify oxidation states, stoichiometry, and charging
effects.

Film thicknesses were measured with a Plasmos SD 2300
ellipsometer. For silicon nitride, the refractive index of the

film was assumed constant at 2.0. Each measurement was the
average of ten scans.

Reactor design

Since reactions with hydrazine and diborane pose some
safety and handling concerns (Crowl and Louvar, 1990), extra
effort was used to design and construct the reaction system
illustrated in Figure 1. The reactant gases were ultrahigh pu-
rity (UHP) argon and a mixture of 850-ppm diborane in UHP
argon. The gases were fed into the nitride reactor with a
gas-handling system constructed with electro-polished stain-
less steel tubing, Cajon (Macedonia, OH) VCR fittings, and
butt-coupled arc welds. This provided the highest possible
cleanliness and the lowest leakage rates. The entire gas-han-
dling system had a leak rate of less than 1x107° cc/s at 50
mtorr, as measured with a mass spectrometer/helium-leak
test. At each cylinder, Cajon “E4” excess-flow valves pre-
vented a catastrophic leak in the event of a ruptured line.
Cajon “CW” check valves presented accidental mixing of the
gases and backflow. Point-of-use purification helped mini-
mize oxygen, water, and particle contamination in the reac-
tant gases. Each gas line had a Matteson (Secaucus, NJ) 0.01-
wm particle filter to reduce the particle contamination of the
reactant gases below 1 ppb. The argon line had an MG In-
dustries (Valley Forge, PA) “Oxisorb” gas purification system
to remove oxygen and water and produce the highest possible
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Figure 1. Reactor configuration.

purity of gas prior to reaction. Mass flow fluctuations of the
gases were minimized with Brooks 5850 (Hatfield, PA) and
Tylan FC 260 (Carson, CA) mass flow controllers, and a Ty-
lan RO-28 power supply. The gases were piped into a Vac-
uum Atmospheres (Hawthorne, CA) HE series inert atmo-
sphere dry box that had less than 2 ppm oxygen and water
contamination, The tube reactor was placed inside the inert
atmosphere dry box. The dry box provided a safety contain-
ment chamber for the hydrazine during loading, use, and
storage. Hydrazine is more stable in nitrogen than air, and
the dry box eliminated undesirable human contact. Olin
(Stamford, CT) “Ultra-pure” hydrazine, 99.7% by weight, was
introduced into the reactor with a bubbler and argon carrier
gas, where the argon flow rate and temperature (that is, va-
por pressure) controlled the mass flow rate of the hydrazine
entering the reactor. The argon flow rate and hydrazine tem-
perature were controlled with a Brooks 5850 mass flow con-
troller and VWR 1130 constant temperature bath, respec-
tively. In some cases, activated alumina was used to improve
the purity of the hydrazine as discussed by Good and Poole
(1971). Powdered activated alumina (particle diameter
0.125-0.25 mm) was vacuum-dried at 1107 ¢ torr for four
days at 120°C. The dried alumina was mixed with as-received
99.7% hydrazine and allowed to sit for 7 days. Since the bath
was in the dry box, a nonaqueous heat-transfer fluid, Dow
Corning “Syltherm XLT” was used. Because hydrazine can
decompose rapidly on many metals (Schmidt, 1984), Pyrex
lines and valves were used to transport the hydrazine vapor
into the reactor. The lines were heated with heat tape to pre-
vent condensation before entering the reactor. The reactant
gases were injected into the center of the 3-in. dia., 40-in.-long
Pyrex glass reactor with an injection tube. The injection tube
mixed the reactant gases prior to entering the heated reactor.
Momentum and heat-transfer calculations suggested that
laminar flow developed as the gases were carried into the
heated zone, and the gases quickly warmed to the reaction
temperature prior to exiting the (1-in.) tube. Upon exit, the
gas jet impinged on the sample in the center of the hot zone
of the furnace. The reactor tube was heated with a tube fur-
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nace, The reaction byproducts and unreacted gases exited the
reactor and were treated in a disposal system constructed
from an oil bubbler and three bubblers with ~ 250-400 mL
of 5% sodium hypochlorite. The oil bubbler prevented water
and oxygen from diffusing back into the reactor. Hydrazine, a
reducing agent, was reacted with sodium hypochlorite, an ox-
idizing agent, for disposal. The deposition system was also
equipped with a vaccum pump that was used for evacuating
and backfilling the reactor to remove contaminates prior to
reaction. The steady-state temperature inside the reactor was
calibrated with a shielded thermometer, IR gun, and temper-
ature indicator wax sticks.

Model Development
Direct growth model

The Deal-Grove model, commonly used for oxidation of
silicon, predicts a parabolic relationship between film thick-
ness and reaction time (Sze, 1988). However, this model did
not accurately describe the growth of nitride films because
the reactant, hydrazine, decomposes resulting in a dramati-
cally slower growth rate with time.

A growth model was also derived by Wu et al. (1982) and
simplified by Vogt (1994) that more closely correlated the film
thickness vs. growth time relation for the nitridation of sili-
con. This model provides a useful means of discussing the
behavior of this deposition process. The resulting relation can
be written as

a;-sinh(AZy) + b; *[cosh(AZ) —1]=¢ (1)
where
Ivi DN.A kint
ST T h T DyA|

N;isa Kint kg hg
b= — 1+ A=y =L, h=—tC
ko | T h Dy, Hoky T

Dy, is the diffusivity for transport of the reactant across the
film; kf is a first-order rate constant when the reactant is
consumed as it is transported across the film; k,,, is the
film/substrate rate constant for the growth of the film; H is
Henry’s constant; k; is Boltzmann’s constant; T is the abso-
lute temperature; A is the gas phase mass-transfer coeffi-
cient; C* is the equilibrium bulk concentration in the nitride
film; Z, is the thickness of the nitride film; and N, is the
number of nitridants per molecule of the film.

Several simplifications can be made to Eq. 1. For smail
AZ, (k; is small and Dy is large), the truncated power series
relations can be substituted for the hyperbolic functions
(Spiegel, 1968). After simplification, the thickness vs. time re-
lation can be written as

72 2-a; 7 2
J+ m 0= .[;;-—/{E .t 2)

This parabolic equation is similar to the Deal-Grove model
for the oxidation of silicon (Sze, 1988). When the film is very
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thin, the second-order term can be neglected, and the film
thickness can be written as a linear function of ¢. This period
of growth occurs at short reaction times when the film is thin
and the growth rate is controlled by the reaction kinetics. As
the film grows, the transport of reactants across the film be-
gins to control the reaction rate. In this case, the first-order
term becomes insignificant, and the film thickness can be
written as a parabolic function of .

As AZ, becomes larger (k; is large, Dy is small, and Z; is
large), the truncated power series approximation is no longer
acceptable. In this case, Eq. 1 can be simplified using the
exponential relations for the hyperbolic functions (Mindel and
Pollack, 1969). Since AZ, is large, e "*?*=0 and Eq. 1 can

be simplified as:
1 2(t+ b))
Zy=—+In| ————1.

A a; + b, ®)
For large film thicknesses or large A (that is, k is large and /or
Dy, is small), the growth of the thermal nitride films becomes
a logarithmic function of time.

This derivation predicts that the film thickness vs. growth
time will have linear-, parabolic-, and logarithmic-shaped re-
gions. When experimental data are compared to the devel-
oped relations, the constants, a;, b;, and A can be deduced.
Comparison of the constants for various reaction tempera-
tures can help determine the controlling factors of the nitri-
dation reaction.

Chemical vapor deposition model

Two mathematical models were used to study the deposi-
tion of boron nitride (BN) from diborane (B,H,) and hydra-
zine (N, H,). First, the computer program, SOLGASMIX-PV
(Besmann, 1977), was used to calculate the equilibrium com-
position of the B,H;—N,H, CVD system. This program di-
rectly minimizes the free energy of the entire reaction sys-
tem. The equilibrium analysis assumes that the reactions oc-
cur in a closed system with an infinite amount of reaction
time. The calculations are useful for understanding the feasi-
bility of CVD and direct growth reactions, even though they
are typically nonequilibrium processes. The enthalpy and en-
tropy data of possible gaseous, liquid, and solid species for
the Ar-B-N-H-0 system at 298, 400, 500, 600, 700, 800 and
900 K were used in this case (Lide, 1985; Barin et al., 1977).

Second, a mathematical model describing the momentum
and mass transport of the reactants was used. The hot-wall
reactor was assumed to be isothermal. Previously, the devel-
opment of a mathematical model relating the growth charac-
teristics (deposition rate and film composition) to deposition
parameters (temperature, reactant concentration, gas flow
rate, and reactor geometry) has been helpful for understand-
ing the processes that affect chemical vapor deposition (Wahl,
1977; Wahl, 1984; Vandenbulcke and Vuillard, 1977). Since
the flow field could be approximated as stagnation point flow,
the equations were simplified similar to the one-dimensional
analysis studied for CVD systems by Houtman et al. (1986),
Michaelidis and Pollard (1984), and references therein. The
partial differential equations were simplified to a set of non-
linear ordinary differential equations that were solved with
an iterative finite difference technique (Vogt, 1994).
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Figure 2. AES depth profile of GaN film grown on GaAs
precieaned and nitrided with 99.7% hydrazine
at 300°C.

Results and Discussion

Two different kinds of hydrazine reactions will be pre-
sented: direct growth and chemical vapor deposition (CVD).
During direct growth reactions, hydrazine reacts heteroge-
neously with the solid phase compound, consuming the sur-
face layers, and forming a metal nitride on the surface. Dur-
ing chemical vapor deposition reactions, gas phase com-
pounds (B,H, and N,H,) adsorb and react to form a new
material (BN).

Direct growth reactions

GaAs. Nitride growth occurred by exposure to a 1% hy-
drazine in argon mixture at 200-400°C for one hour. The
films were grown by consuming the GaAs surface and form-
ing gallium nitride. Typically, very thin nitride layers on GaAs
(<100 A) were produced. For example, an AES depth pro-
file of a film grown at 300°C is shown in Figure 2, where the
atomic concentration (AES peak-to-peak height corrected by
atomic sensitivities (Physical Electronics, 1979) was plotted
vs. the ion etch time (proportional to the depth of film). The
film was a mixture of nitrogen- and oxygen-containing com-
pounds. The AES results show that the gallium nitride (GaN)
films are nonstoichiometric, with the gallium concentration
exceeding the nitrogen concentration. The most likely sources
of oxygen contamination were incomplete removal of native
oxide during precleaning, water impurities in the hydrazine,
and oxygen and water contamination of the films during
transfer from the dry box to the AES chamber. The higher
gallium-to-arsenic ratio shows that arsenic was depleted from
the surface film and the semiconductor—film interface. After
removal of the film, the gallium and arsenic concentrations
were equal. Thus, the film was formed by converting the na-
tive semiconductor to gallium oxy-nitride and depleting the
region of arsenic, most likely by the formation of arsine.

XPS analysis was used to examine the oxidation state of
the elements in the nitride films. The binding energies for
the oxidation states of the Ga 3d and N 1s XPS spectra were
identified from the literature (Mizokawa et al., 1979). As seen
in Figure 3, the N 1s peak is centered at 397.5 eV, which
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Figure 3. N 1s XPS spectra for GaN film grown on GaAs
at 400°C.

corresponds to the nitride oxidation state (Hedman and
Martensson, 1980). No peaks were identified at 401 eV or
403 eV, which coincide with nitrite and nitrate, respectively.
This shows that the oxidation state of the nitrogen was as the
nitrite and not nitrite or nitrate. The Ga 3d spectra in Figure
4 is asymmetric and very broad. It can be fitted with two
peaks associated with gallium nitride and gallium oxide. The
large peak at 19.5 eV corresponds to gallium nitride, and the
small peak at 20.5 eV is gallium oxide. These XPS results
show that the films consist primarily of gallium nitride with a
small amount of galllum oxide impurity. This suggests that
the oxygen impurity remains as an oxide and does not com-
bine with the nitrogen to form a nitrite or nitrate.

The precleaning treatment, cleaning/reaction tempera-
ture, and hydrazine purity were investigated in an effort to
identify the sources of oxygen contamination, and the results
have been discussed elsewhere (Vogt and Kohl, 1993). The
results show that removal of the native oxide was important
in the final purity of the nitride films. The results also showed
that purification of the hydrazine with alumina decreased the
amount of oxide in the nitride film, but also resulted in a
thinner film. It appears that the water impurity and subse-
quent oxide content of the film compromises the quality and
density of the film, allowing easy penetration of the reactants
to the interface.

Silicon. The (100) silicon substrates were phosphorus-
doped n-type with a carrier concentration of ~1x10" em™2.

500

25 24 23 22 21 20 19 i8 17 16

Binding Energy {ev)
Figure 4. Ga 3d XPS spectra for GaN film grown on
GaAs at 400°C.
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Figure 5. N 1s XPS spectra for silicon nitride films
grown at 300, 400 and 500°C.

The samples were cleaned in 5% (vol) HF for 1 min, rinsed
in deionized water for 1 min., and blown dry with nitrogen to
remove native oxides from the surface. After the HF etch,
the samples were introduced into the dry box, placed into the
reactor, and reacted in 1% hydrazine (purified with activated
alumina) at 300, 400, and 500°C for 0.25-6 h. After reaction,
the samples were cooled to ~ 100-150°C, removed from the
reactor, and stored in the dry box for XPS and ellipsometry
analysis.

The silicon surfaces were analyzed with XPS, and five ele-
ments were identified: silicon (Si 2p-100 eV and Si 2s-200
eV), nitrogen (N 1s-399 V), oxygen (O 1s5-535 eV and O KLL
Auger-985 eV), carbon (C 1s-285 eV), and fluorine (F 1s-686
eV and F KLL Auger-885 e¢V). The carbon and much of the
oxygen contaminant probably originated from the adsorption
to atmospheric gases like water, oxygen, carbon monoxide,
and hydrocarbons during transfer from the reactor to the XPS
analysis chamber. The small amount of fluorine remained
from the HF etch.

High-resolution XPS scans of the Si 2p, O 1s, N 1s, and C
1s spectra were collected to obtain oxidation state informa-
tion about the films. The N 1s peak is commonly used for the
identification of the nitrogen oxidation state because of its
high photoemission intensity (Vasile et al., 1990). As shown
in Figure 5, the N 1s XPS spectra for the nitride films grown
for 6 h could be interpreted in terms of four singlets located
between 396 and 408 eV: nitride (—3 valence state), amine
(NH, and NH, —1 and —2 oxidation state, respectively), ni-
trite (+3 oxidation state), and nitrate (+35 oxidation state)
(Coyle and Stone, 1964). The binding energy of the N 1s peak
for the nitride films grown at 300°C, 400°C, and 500°C all
occurred at 397 eV, which corresponds to N~? (that is, ni-
tride). This suggests that the films grown from the decompo-
sition of hydrazine at 300-500°C were silicon nitride.

The Si 2p XPS spectra for the samples grown for 6 h were
also measured. The spectra can be interpreted in terms of
three nonsymmetrical singlets between 99 and 104 eV associ-
ated with Si” (99.4 eV), silicon nitride (102 eV), and silicon
dioxide (103.5 e¢V) (Moulder et al., 1992). The Si 2p spectra
were very similar for the films grown at 300, 400 and 500°C.
The Si 2p peaks had a large peak at 99.4 €V corresponding to
Si% and a broad peak at 102-104 eV, corresponding to oxi-
dized silicon. The large Si® peak was from the silicon sub-
strate. This suggests that the nitride films are thinner than
the attenuation length of the photoelectron for silicon ( ~ 30
A). The broad peak could be fitted with a combination of
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Figure 6. Depth profile of silicon nitride film grown at
300°C.

curves corresponding to silicon nitride and silicon oxide. The
siticon nitride peak was the largest and accounted for approx-
imately 75% of the total peak area. The silicon oxide peak
was smaller and accounted for only ~ 25% of the total peak
area. Since the peak area (intensity) is proportional to the
concentration, the Si 2p spectra shows that the films are pri-
marily silicon nitride with a small amount of silicon oxide
impurity.

The XPS depth profile was also collected for each film, as
shown in Figure 6 for the film grown at 300°C for 6 h. Since
the fluorine concentration was small and found only at the
surface, it was neglected in the analysis of the films. The re-
sults show that the oxygen concentration was less than the
nitrogen concentration in the films grown at 300, 400 and
500°C, consistent with the earlier high-resolution XPS re-
sults. For the 300°C and 400°C nitride films, the oxygen con-
tamination was found primarily at the surface and likely re-
sulted from the adsorption of water and oxygen during trans-
fer of the sample from the reaction chamber to the XPS
analysis chamber. In both cases, the concentration was less
than 10%. Meanwhile, the oxygen contamination in the 500°C
film was about 17% of the total concentration at the surface,
which was higher than found for the 300 and 400°C samples.
At 500°C, the increased reaction with oxygen and water con-
taminants in the reactor may have increased the oxide impu-
rity in the film. Alternatively, the higher reaction tempera-
ture may have increased the decomposition rate of the hydra-
zine, decreasing the amount available for reaction with sili-
con.

The depth profiles also showed that the thickness of the
300 and 500°C films was roughly equal, ~ 15 A, but the 400°C
film was slightly thicker, ~ 20A. The transport of reactants
across the film might be slightly greater at 400°C than 300°C,
increasing the growth rate at the interface. At 500°C, the rate
of homogeneous decomposition reaction of hydrazine likely
increased and lowered the concentration of hydrazine avail-
able for reaction and decreased the growth rate of the film.

The thickness of the nitride films was also measured with
ellipsometry as a function of reaction time and temperature.
The refractive index of the nitride films was assumed to be
2.0, and the film thickness was calculated from the change in
phase and rotation of the polarized light. Table 1 summarizes
the results of the ellipsometer measurements. Each point is
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Table 1. Silicon Nitride Film Thickness as Function of Reac-
tion Time and Temperature

300°C  300°C 400°C 400°C  500°C  500°C
Reaction  Avg. Std. Avg. Std. Avg. Std.
Time  Thickness Dev. Thickness Dev. Thickness Dev.
(s) A A A A (A) (A)
900 14.2 0.5 14.0 1.3 — —
1,080 — — — — 14.6 0.9
1,800 15.4 0.5 — — 14.9 0.5
2,700 — — 14.9 1.0 — —
3,600 15.5 0.7 14.9 1.1 15.0 0.6
10,800 154 0.1 14.7 0.6 14.6 0.6
21,600 15.1 0.6 15.6 15 15.8 0.5

the average of at least ten measurements. The maximum
thickness was approximately 15+ 5 A for the films grown at
300, 400, and 500°C. The film thicknesses appear to be simi-
lar for the three reaction temperatures. This may result from
competition between decomposition and growth reactions. As
the temperature increases, the rate of hydrazine decomposi-
tion increases, lowering the amount available for film growth.
At lower temperatures, the concentration of hydrazine in-
creases (decomposition rate decreases with temperature), but
the lower temperatures slow the reaction rate for the film
growth. When the average film thickness is plotted vs. the
reaction time for each temperature in Figure 7, the points lie
close together. Figure 7 also shows that the growth rate was
very small after 1 hour of reaction time.

Although the large error in the experiment precluded
quantitative analysis of the growth behavior, these results are
consistent with the limiting growth model developed earlier.
Initially, the film thickness increases as a linear function of
time. Eventually, the growth rate slows, and the film thick-
ness increases parabolically with time. Finally, the growth rate
becomes very slow and can be estimated as a logarithmic
function of time.

The thermal growth model was also used to fit the data for
a qualitative analysis of the growth rate. Table 2 shows that
the best fit results when «, and b, are small. When compared
with ammonia reactions at 700~1,100°C, the a; and b, con-
stants are more than 4 orders of magnitude smaller. From
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Figure 7. Least-squares fit of nitride growth model for
silicon nitride films grown at 300, 400 and
500°C.

Vol. 41, No. 10 2287



Table 2. Fitted Constants for Thermal Nitride Growth Model
and Film Thickness after 6 hours of Growth for Hydrazine
and Ammonia Reactions

a; b; A 6h
s s) (A=Y Thickness (A)
Hydrazine
300—500°C  3x1077  1x1077 155 15
Ammonia
700°C {258] 0.44 2.0 0.41 24
Ammonia
900°C [258] 0.11 0.39 0.28 40
Ammonia
1,100°C [258] 0.024 0.084 021 60

Eq. 1, the a4, and b; constants are inversely proportional to
the linear and parabolic growth rate constants, respectively.
Since the linear growth region is controlled primarily by reac-
tion kinetics, the small values suggest that the initial nitrida-
tion rate is much faster with hydrazine than ammonia.

The results also suggest that the growth rate quickly be-
comes limited by the transport of the reactive species across
the film after the initial layers of the film forms. The growth
rate becomes very small, and the film thickness can be de-
scribed by the logarithmic function of time in Eq. 3. Since q;
and b, are very small, the logarithmic term changes very slowly
with time and is approximately constant. In this case, the
thickness vs. time relation is almost flat, and the final thick-
ness is controlled by the 1/A term. Since A is larger at lower
temperatures (Table 2), the final film thicknesses are smaller
for the films grown in hydrazine at 300-500°C than those
grown in ammonia at 700-1,100°C.

Since the diffusivity constant decreases with temperature,
A becomes larger at low temperatures. The diffusion of the
reactive species through the film is more difficult. Second,
the reaction constant, k,, is dependent upon the reaction.
The reactive species in the hydrazine reaction may decom-
pose or deactivate faster than the reactive species in the am-
monia reaction. The resulting k, (and A) would be larger for
the hydrazine reaction.

Transition Metals. The hydrazine nitridation sequence was
also studied on many transition metals to evaluate the appli-
cability of the process. Because surface oxides can affect the
hydrazine reactions, the samples were precleaned with acidic
etching solutions (Vogt et al., 1994). Following pretreatment,
the metal substrates were reacted in 1% hydrazine vapor at
400°C for 1 h. 400°C was chosen for convenience; further re-
ductions in reaction temperature are conceivable, since the
reaction is dependent on the decomposition of hydrazine that
can occur at lower temperatures.

AES depth profiles showed that the nitride films were suc-
cessfully grown on Co, Cr, Fe, Mo, Ta, Ti, V, and W. The
depth profiles also showed that the films were thin (< 1,000
A), the nitrogen mole fractions were larger at the surface and
decreased in the bulk of the films, and oxygen was the most
important contaminant in the films. XPS analysis showed that
the films were primarily metal nitrides with small amounts of
oxide impurity at the film’s surface.

For example, in Figure 8 the N 1s XPS spectra for the
nitride film grown on titanium can be analyzed as two peaks:
a large peak was found at 397 ¢V (nitride (Vasile et al., 1990;
Wagner et al.,, 1979)), and a small peak at 399.5 eV was
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Figure 8. N 1s XPS spectra for the hydrazine-treated ti-
tanium sample at the surface and after 1, 5 and
10 min of ion etching.

present on the surface of the film. The peak at 397 eV in-
creased in area, and the peak at 399.5 eV decreased with ion
etching. After 10 min of sputtering, the peak at 399.5 eV was
no longer observed, but a large peak at 397 eV remained.
This suggests that the film is several monolayers thick since a
N 1s peak remains after 10 min of ion etching. Hydrazine is
not simply adsorbed on the surface. Secondly, Vasille et al.
(Raval et al., 1990) showed that a small peak at 399.5 eV
results when a nitride film has oxide on the surface. These
oxides are removed during ion etching, rendering a single N
1s peak at 397 eV. Thus, the film was a mixture of nitrides
and oxides at the surface, and the bulk of the film was pri-
marily a nitride. The effect of oxides on the nitride growth
process was investigated more thoroughly and is discussed
elsewhere (Vogt et al., 1994).

Chemical vapor deposition reactions

Boron Nitride. A XPS depth profile was used to estimate
the thickness and analysis of the chemical composition of a
BN film deposited on a GaAs substrate from a 0.39% N,H,
and 0.07% B,H, mixture at 400°C for one hour. After cor-
rection for the atomic sensitivity and the ion etch rate, the
atomic concentration was plotted vs. the depth from the sur-
face as shown in Figure 9. The thickness of the film was ap-
proximately 150A. The film was stoichiometric boron nitride
(within the accuracy of XPS). A small oxide impurity was
found at the film’s surface and at the film /substrate inter-
face. A small amount of oxide impurity was also present in
the deposited film, originating from the background water
impurity in the hydrazine. The oxygen at the surface most
likely resulted from water or oxygen that adsorbed during ex-
posure to air. The interfacial oxide resulted because the na-
tive oxides on the GaAs surface were not completely re-
moved prior to deposition of the BN film.

High resolution XPS scans of the N 1s and B 1s spectra
were used to determine the oxidation state of elements in the
film. The N 1s peak was found at 397.9 eV. This binding
energy corresponds to boron nitride (Moulder et al., 1992).
The B 1s spectrum were located at 190.5 eV and compare
well with BN. Thus, the XPS results show that the film was
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Figure 9. Depth profile for boron nitride film deposited
at 400°C.

primarily boron nitride with small amounts of oxide impurity
at the surface and the film/substrate interface.

The one-dimensional transport model was used to help
evaluate the rate-limiting deposition processes for boron ni-
tride. For kinetically limited reactions, the surface flux is small
and dC/dx ~ 0 at the surface (very small). When the reaction
is transport controlled, dC/dx is very large, and the gas phase
concentration of the limiting reagent goes to zero (very small).
Thus, the model shows that the transport-limited growth rate
for the experimental conditions (0.39% N,H, and 0.07%
B,H, at 865 sccm) was predicted to be 3.5x 10° A/h. This is
several orders of magnitude larger than the actual deposition
rate (150 /ok/h), suggesting that the deposition rate was lim-
ited primarily by kinetics.

To experimentally investigate the effect of temperature on
the formation of boron-nitrogen products, a 5% hydrazine in
argon mixture and a 781 ppm diborane in argon mixture were
warmed separately and mixed at the desired reaction temper-
ature. No solid products formed when solely hydrazine was
warmed in the reactor. When only diborane was warmed be-
low 200°C, no visible deposit was found. Above 200°C, a
brown, boronlike deposit formed. The brown films were only
slightly soluble in concentrated nitric acid and etched from
the glass slowly, as expected for boron.

Mixtures of diborane and hydrazine formed compounds
more readily. Below 200°C, a thick, white film formed where
the reactants combined and mixed. Above 200°C, the white
films were not formed, and no visible deposit was found after
reaction for 1 h. Chemical analysis of the substrate at 400°C
(Figure 9) indicated the formation of thin boron nitride films
at higher temperatures.

This shows that the temperature at the point of mixing is
critical in determining the final composition of the film. If
diborane was warmed above 200°C prior to mixing with hy-
drazine, it decomposed to boron. This was undesirable be-
cause the diborane reactant was being depleted prior to
reaching the target sample. When hydrazine and diborane
were mixed at temperatures below 200°C, reactions occurred
between the electrophilic diborane and the nucleophilic hy-
drazine that produced white-colored solid complexes and
adducts. At higher temperatures ( > 200°C), the adducts and
complexes rearranged and formed boron nitride products.

In the extreme experimental cases, these results qualita-
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tively agreed with the chemical equilibrium predictions (Vogt,
1994). A gas mixture of hydrazine with excess diborane was
predicted to pyrolyze into a mixture of boron and boron ni-
tride. Experimentally, when the gas stream was solely dibo-
rane, the film was primarily boron. Alternatively, the equilib-
rium calculations predict that boron nitride films will form
when the mixture contains excess hydrazine (Vogt, 1994). Ex-
perimentally, at higher reaction temperatures (400°C), stoi-
chiometric boron nitride films were formed. At lower reac-
tion temperatures (< 200°C), the equilibrium predictions
failed because the kinetics for the dehydrogenation of the
diborane—hydrazine complex appeared to limit the formation
of boron nitride, that is, boron—nitrogen adducts formed.
The results also agreed with previous results. A Lewis
acid—base reaction readily occurs between electrophilic dibo-
rane and nucleophilic hydrazine. These reactions often lead
to a large number of ionic and covalent complexes and
adducts, especially below 200°C (Coyle and Stone, 1964;
Goubeau and Richter, 1961; Niedenzu and Dawson, 1965;
Noth, 1970). At higher temperatures, the adducts either de-
compose into hydrazine and diborane or undergo rearrange-
ment and form different compounds (Goubeau and Richter,
1961; Stock, 1933). For example, hydrazinolysis of aminobo-
ranes with free hydrazine can yield ringlike and other addi-
tion compounds that are often gaseous above 200°C. These
products are similar fo those found when ammonia and dibo-
rane are combined, where the adducts decompose above
200°C to yield compounds such as B;N;H,, NH,B,H;, and
B,(NH;) (Niedenzu and Dawson, 1965). Complete dehydro-
genation can also occur, and boron nitride films will form.

Conclusion

The direct nitridation of gallium arsenide with hydrazine
at 200—400°C to produce gallium nitride has been demon-
strated. The films were grown by consuming the gallium ar-
senide substrate and depleting the surface region of arsenic.
The films contained some oxygen impurities, but the quality
of the films was improved with removal of the native oxide
and by purifying the hydrazine.

Nitride films were grown on silicon with hydrazine at
300-500°C. The initial growth rates with hydrazine are much
faster than the growth rates with ammonia. The results also
suggest that the growth rate becomes transport-limited
quickly, and the film thickness plateaus at approximately 15
A when the reaction temperatures are 300-500°C.

Metal nitride films were formed on Co, Cr, Fe, Mo, Si, Ta,
Ti, V, and W by thermal nitridation with hydrazine at 400°C.
An oxide impurity was found in each film. On titanium, the
film is several monolayers thick since an N 1s XPS peak re-
mains after 10 min of ion etching.

The atmospheric chemical vapor deposition of boron ni-
tride from diborane and hydrazine was demonstrated. The
temperature was critical in determining the final composition
of the film. When diborane was warmed above 200°C, boron
films were deposited. Below 200°C, decomposition was not
observed. When mixtures with excess hydrazine were reacted
below 200°C, white-colored adducts formed. Adduct forma-
tion was not observed when the mixture was heated above
200°C. When a 0.39% hydrazine/0.07% diborane mixture was

Vol. 41, No. 10 2289



heated to 400°C, the mixture reacted heterogeneously on the
substrate surface, and a stoichiometric film of boron nitride
was deposited.
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