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We report on our recent studies of Al nitride growth on GaAs(110) formed by depositing Al onto a
condensed ammonia overlayer on GaAs(110) at T =90 K using x-ray-photoemission spectroscopy and
inverse-photoemission spectroscopy. We have also investigated the temperature dependence of the inter-
face thus formed. The results show some limited amount of Al nitride formed at 7 =90 K even though
the reaction is slow, but the overlayer mostly remains metallic until the substrate is heated up. Much of
the reaction of Al with ammonia occurs at about T"=170 K, above which the overlayer becomes insulat-
ing. The combined information from occupied and unoccupied states reveals new features of the inter-

face formation, and
Al/NH;/GaAs(100).

INTRODUCTION

There have been extensive experimental and theoretical
investigations on metals dissolved in liquid ammonia be-
cause of a rich variety of physical behaviors associated
with metal-nonmetal transitions in these systems.!”!'! A
metal-NH; solution can be nonmetallic or metallic de-
pending on the metal concentration, and there is a misci-
bility gap in the phase diagrams of many metal-NH; solu-
tions in the intermediate range of concentrations over a
broad range of temperatures and compositions.’ ° These
behaviors have been interpreted as being mediated by mi-
croscopic inhomogeneities,'® or as a direct and necessary
consequence of a metal-nonmetal transition of the
“Mott-Hubbard” type.!"! Metal-nonmetal transition in
the solid state has also been observed recently.'? In this
paper, we report our recent studies of the interface for-
mation of Al/NH,/GaAs(110) using x-ray-photomission
spectroscopy (XPS) and inverse-photoemission spectros-
copy (IPES), in which we observed the metal-nonmetal
transition of Al deposited on solid NH; from both the oc-
cupied and unoccupied electronic states. In addition, the
potential significance of AIN in the microelectronics in-
dustry provides further motivation for this work: AIN is
a primary candidate as an insulating and buffer layer in a
metal-insulator-semiconductor (MIS) system based on
GaAs because of the low density of states ( <10'2/eV
cm?) of the AIN/GaAs(110) interface.'> !> The inability
of native oxides of III-V semiconductors to protect the
surface of the substrate from disruptions induced by met-
al deposition has hampered the application of these high
electron mobility semiconductors, which is in sharp con-
trast to the remarkable success of Si- and SiO,-based
metal-oxide-silicon (MOS) technology since Frosh and
Derrick’s discovery that a thin layer of SiO, can
effectively protect against the diffusion of most acceptor
and donor impurities in p-n junctions.'®

The conventional ways of fabricating AIN on GaAs are
metal-organic chemical-vapor deposition (MOCVD),!”
ion implantation,'® 2 and reactive molecular-beam epi-
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is consistent with our previous synchrotron photoemission studies of

taxy.??> We recently developed a method of growing
AIN on GaAs(100) by evaporating Al on NH; condensed
on GaAs(100) at 100 K. Using synchrotron photoemis-
sion spectroscopy, we investigated the formation of
Al/NH;/GaAs(100) and observed, by examining the
valence-band and core-level spectra, that Al reacted with
the substrate neither at 7=100 K nor after annealing to
T=450°C.?>?* Instead, the aluminum overlayer reacted
with molecular ammonia to form an insulating Al nitride
layer during heating of the sample from T'=100 K to
room temperature.

In this paper we report our recent investigation of the
interface formation of Al/NH;/GaAs(110) using x-ray-
photoemission spectroscopy and inverse-photoemission
spectroscopy. One of the purposes of the investigation is
to learn whether there is any fundamental difference be-
tween the cryogenic Al nitride formation on GaAs(100)
and GaAs(110), which are polar and nonpolar surfaces,
respectively. Our XPS spectrometer allows us to observe
the evolution of deep core levels such as N 1s to follow
the changes of NH; during the interface formation. The
evolution of the wunoccupied electronic states of
Al/NH,;/GaAs(110) during the interface formation is fol-
lowed by using IPES, in which the temperature depen-
dence of the metal-nonmetal transition is observed from
the reaction between molecular ammonia and Al. These
investigations provide us with a more complete picture of
the growth of Al nitride on GaAs at cryogenic tempera-
tures.

EXPERIMENT

The experiment was carried out at the surface-science
laboratory at the University of Rochester. The x-ray-
photoemission spectrometer consists of a VG XR2E2
high-power x-ray source operated at the Mg Ka line
(hv=1253.6 eV) and a VG ADES 500 angle-resolved
electron energy analyzer mounted on a two-axis goniome-
ter. The energy resolution of the XPS spectrometer was
1.2 eV, resulting from the convolution of the natural
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width of 0.68 eV of the Mg K « line?® and the resolution
of 1.0 eV chosen for the hemispherical energy analyzer.
The low-energy—high-brightness electron gun for
inverse-photoemission spectroscopy was built according
to an existing design.?®?’ The bandpass photon detector
was constructed by putting a CaF window in front of two
microchannel plates (MCP’s) in tandem, with 400 A of
KBr evaporated on the first MCP.?%2° The combination
of the CaF window and the KBr coating sets the energy
of photon detection at hv=9.8 eV. The energy resolu-
tion of the inverse-photoemission spectrometer was mea-
sured to be ~0.9 eV from the 10-90 % onset at the Fer-
mi edge of a 10 A layer of Cr on a GaAs(110) crystal.

An n-type Si-doped (n,=1X10" cm™3%) GaAs single
crystal from Crystal Specialties was cut into 3 X4 X 30-
mm bars along the [110] direction, and the bars were bro-
mine etched to remove surface stress from cutting. The
sample was cleaved in situ until a flat, mirrorlike surface
was obtained. The sample was cooled with a TRI Model
225 liquid-helium-flow cryostat, and liquid nitrogen was
used to lower the sample temperature to 7=90 K. To
ensure good thermal and electrical conductivity, we ap-
plied a gallium-indium alloy between the sample and
sample holder, and the sample holder was dipped in a
gallium bath installed on the cryostat. The temperature
of the sample was monitored by thermocouples mounted
on the cryostat and gallium bath, and the temperature
varied from 77=90 to 300 K during the experiment. The
time for the sample to cool down from ambient tempera-
ture to 7=90 K was minimized to about 10 min, which
is important for reducing contamination from the am-
bient atmosphere during cooling. Ammoenia was admin-
istered into the vacuum chamber through a precision leak
value while the temperature of the GaAs sample was held
at about 7=90 K, and the dosage was determined by ion
gauge reading and timing. Aluminum was evaporated
from a resistively heated W basket with an average rate
of 2 A/min, and the thickness of Al was monitored by a
quartz-crystal thickness monitor. The base pressure of
our UHV system was in the 10~ !'-Torr range.

The experimental procedure is the following: first, we
took spectra of the clean surface of GaAs(110) at room
temperature, then lowered the sample temperature to
about 90 K. Once the sample was cooled down, we con-
densed ammonia on GaAs(110) and evaporated alumi-
num at low temperature. After the Al evaporation, we
raised the sample temperature to 77=170, 220, and 270
K. At each stage, we took XPS and IPES spectra to
study the interface formation.

RESULTS AND DISCUSSIONS

Figure 1 shows the Ga 3d core-level energy distribu-
tion curves (EDC’s) taken with the Mg K a line for vari-
ous stages of Al nitride growth on GaAs(110) at cryogen-
ic temperatures. The EDC’s have been normalized to the
same height for visual clarity, and the centroid of each
peak is marked by a short bar. The background of each
spectrum was determined by fitting a smooth polynomial
to both ends of the spectrum, and this background has
been subtracted in the EDC’s presented in the figure.
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FIG. 1. Ga 3d x-ray-photoemission spectra for Al nitride
growth on GaAs(110). From the bottom up: (a) clean GaAs at
room temperature; (b) clean GaAs at T=90 K; (c¢) after expo-
sure of 20 L of NH; at T=90 K; (d) after 2 A of Al deposition
at T=90 K; () after 10 A of Al deposition at T=90 K.

The binding energies of all the spectra are referred to that
of the cleaved GaAs(110) surface at room temperature.
The treatments of the EDC’s of other core levels are simi-
lar unless otherwise specified.

Figure 1(a) is a Ga 3d EDC at room temperature which
is typical of a clean surface. Figure 1(b) is the spectrum
of the same surface taken at 7=90 K. As the tempera-
ture decreases from room temperature to 90 K, there is a
peak shift of about 0.3 eV toward the higher binding-
energy side [Figs. 1(a) and 1(b)]. We attribute this shift to
the probable contraction of the lattice spacing by cooling
or physisorption of a small amount of foreign atoms on
the surface. This physisorption, if any, is well below the
sensitivity of detection of our XPS spectrometer, since we
checked the full range of the XPS spectrum from a bind-
ing energy of 0—1000 eV and could not identify any con-
taminant, particularly carbon and oxygen. We rule out
the possibility that the photovoltaic effect causes the peak
shift, since the intensity of our x-ray source is too small
(order of 10'?/cm?s),’ and the doping density of our
sample is too high for the photovoltaic effect.’*3* The
condensation of 20 L NH; (1 L=10"%Torrs) at T=90 K
shifts the Ga 3d core level back to the lower binding-
energy side by 0.2 eV [Fig. 1(c)]. Interestingly, the same
phenomenon was observed in our previous synchrotron
radiation photoemission study on Al/NH,/GaAs(100),%
indicating that it is quite general for GaAs surfaces.
Similar peak shifts are also observed for the As 3d core
level (not shown), and these peak shifts suggest move-
ment of the Fermi level toward the center of the band
gap. This movement may result from the reaction be-
tween Ga and some of the nitrogen released from NH; to
form a postulated GaAs; N, compound, or from new
interface states generated near the conduction-band
minimum (CBM), which will be further discussed in the
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IPES part of our measurements. The thickness of molec-
ular ammonia is estimated to be about three monolayers
(ML) by measuring the attenuation of the intensities of
Ga 3d and As 3d core-level EDC’s.

Subsequent deposition of 2 and 10 A of Alat T=90 K
produced noticeable peak broadening and peak shifts to-
ward higher binding energies [Figs. 1(d) and 1(e)]. These
changes cannot be due to reactions between Al and GaAs
because it would have resulted in releasing free Ga on the
surface. Free Ga would lead to a shifted Ga 3d com-
ponent with ABE~1 eV on the lower binding-energy side
of the Ga 3d core-level EDC,*> which could easily have
been resolved by our XPS spectrometer. Instead it is
likely that the peak shift of both Ga 3d and As 3d is the
signal of enhanced nitrification of the substrate upon
deposition of Al, which was also observed on
Al/NH,/GaAs(100).2* A similar role of alkali metals as
catalysts was observed by Soukiassian et al.3®

Raising the temperature of the sample ignites the reac-
tion between the aluminum and the ammonia. The evo-
lution of Ga 3d EDC’s during the study of temperature
dependence is shown in Fig. 2 in the order of increasing
substrate temperature: (a) Ga 3d EDC at T=90 K, (b) at
T=180 K, (c) at T=230K, and (d) at T=270 K. As we
heated the sample up to 270 K [Fig. 2(d)], we observed a
continuous peak shift of Ga 3d toward the lower
binding-energy side and finally to its clean surface posi-
tion. Because similar peak shift and broadening are also
found in As 3d core-level EDC’s, we exclude the possibil-
ity that these are caused by exchange between Ga and Al.
Instead, they imply that band bending is reduced by an-
nealing the sample to near room temperature. Further
support for this assertion is the absence of any observable
amount of free Ga signature on the lower binding-energy
side of the 3d spectra throughout the temperature study.

Compared with our previous studies on
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FIG. 2. Ga 3d x-ray-photoemission spectra for temperature
dependence of Al nitride on GaAs(110). From the bottom up:
(a) after 10 A of Al deposition at 7=90 K; (b) the same surface
at T=180 K; (c) the same surface at T=230 K; (d) the same
surface at T=270 K.
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AI/NH3/GaAS(100),23 GaAs(110) exhibits very similar
behaviors in its core-level spectra (Ga 3d and As 3d), in-
dicating that the surface orientation of the substrate does
not significantly affect the nitrification by molecular am-
monia.

Our argument for the formation of Al nitride instead
of a Ga-Al exchange is further supported by the Al 2p
core-level EDC’s shown in Fig. 3. Figures 3(a) and 3(b)
show the Al 2p spectra after the evaporation of 2 and 10
A of Al on the sample, respectively. The peak broaden-
ing on the lower binding-energy side in Fig. 3(b) is likely
due to the greater metallic characteristic at the 10 A
aluminum coverage than at the 2-A coverage, when the
overlayer is too thin to be metallic. As the sample tem-
perature is raised to T=170 K [Fig. 3(c)], a large de-
crease is observed in the intensity on the lower binding-
energy side, resulting in a peak shift of ABE~0.9 eV to-
ward the higher binding energy. This peak shift of Al 2p
is likely caused by the formation of Al N, in the over-
layer, indicating that the initially metallic aluminum
overlayer has reacted with molecular ammonia to become
an insulating Al-nitride layer. Also, the observed peak
shift of Al 2p is consistent with the peak shift of
ABE=1.1-1.3 eV in the formation of AIN reported by
Taylor and Rabalais.?® After the sample is further heated
up to T=270 K [Figs. 3(d) and 3(e)], the peak shifts back
to the lower binding-energy side, indicating annealing of
the substrate.

We performed a time-dependence study of
Al/NH,/GaAs(110) at T=90 K in order to determine
whether the above-observed changes in EDC’s resulted
from the change in the substrate temperature alone.
During a period of time similar to that for the
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FIG. 3. Al 2p x-ray-photoemission spectra for Al nitride
growth on GaAs(110). From the bottom up: (a) after deposi-
tion of 2 A of Al on NH;/GaAs(110) at T=90 K; (b) after depo-
sition of 10 A of Al on NH;/GaAs(110) at T=90 K; (c) after
annealing the same surface to 7=170 K; (d) after annealing the
same surface to T'=220 K; (e) after annealing the same surface
to T=270K;
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temperature-dependence studies (Fig. 3), the Al 2p core-
level peak shifted toward the higher binding-energy side
by about 0.5 eV, but no peak shift toward the lower
binding-energy side nor peak broadening was observed.
Thus we conclude that the observed peak shift of 0.9 eV
toward the higher binding-energy side in the
temperature-dependence study may not be solely due to
the increase in the sample temperature. Instead, photo-
generated low-energy electrons, resulting from the inelas-
tic scattering of photoelectrons, may also have contribut-
ed to the formation of Al nitride and the observed peak
shift in Fig. 3.3

The nitrification of Al on GaAs(110) can be studied
further by examining the evolution of N 1s core-level
EDC’s (Fig. 4). After the exposure of 20 L NH; to the
sample, a N 1s core-level peak related to physisorbed
molecular ammonia similar to that found by Bozso and
Avouris was observed [Fig. 4(a)].® The deposition of 2
and 10 A of aluminum on molecular ammonia resulted in
significant peak broadening of N 1s [Figs. 4(b) and 4(c)],
especially on the higher binding-energy side. It is not
difficult to see that there is more than one component in
the N 1s core-level EDC’s (marked with arrows). Al-
though we could not resolve clearly all the components
because of the limited resolution of our XPS spectrome-
ter, we performed a quantitative peak decomposition
with the following simple assumptions: (1) the peak
width in Fig. 4(a) is a single-component Gaussian which
is associated with NH3; and (2) the peak position of NH;
does not change before dissociation.

The result of the curve fitting of Fig. 4(c) with the
above assumptions is presented in Fig. 5. Component 1 is
from the molecular ammonia as presented in Fig. 4(a).
Component 2, which is located about 1.1 eV higher than
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FIG. 4. N s x-ray-photoemission spectra for Al nitride
growth on GaAs(110). From the bottom up: (a) after exposure
of 20 L of NH; at T=90 K; (b) after 2 A of Al deposition at
T=90 K; (c) after 10 A of Al deposition at 7=90 K; (d) after
annealing the same surface to 7=170 K; (e) after annealing the
same surface to 7=230 K; (f) after annealing the same surface
to T=270 K.
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FIG. 5. Core-level fitting of N 1s peak at 10 A
Al/NH,/GaAs(110) at T=90 K. The data points (open
squares) are the identical data presented in Fig. 4(c), and the
fitted data are also shown in lines. The component 1 represents
the EDC for molecular ammonia, the component 2 that for
molecular nitrogen, and the component 3 that for GaAs,;_, N,
or Al, _,N,.

component 1, is believed to be the molecular nitrogen
peak.’* The increase in component 2 as the amount of
deposited Al increases, by comparison to a similar
decomposition of Fig. 4(b) (not shown), indicates that this
peak results from the dissociation of the molecular am-
monia by the deposition of aluminum. This peak quickly
disappears as the substrate is heated to 7=170 K, while
the molecular ammonia peak sharply decreases, indicat-
ing that N, from dissociated NH; can easily leave the
surface. We can rule out the possibility that peak
broadening and a new component on the higher binding-
energy side result from the formation of Al nitride, since
it would have resulted in a peak shift toward the lower
binding-energy side due to the charge transfer from Al to
the nitrogen atom. This is also supported by our previ-
ous observation of valence-band spectra, where NH;
molecular orbitals can be clearly identified.?> Component
3 is about 1.0 eV lower compared to the molecular peak,
and survives the annealing to 7=170 K and higher. This
peak also grows as more aluminum is deposited on the
ammonia overlayer, and it is speculated to be
GaAs;_ N, or Al;_ N, but not yet AIN, since the bind-
ing energy of AIN is reported to be about 2 eV lower than
that of NH,.%°

The temperature study of N 1s EDC’s [Figs. 4(d)-4(f)]
exhibits N 1s behavior consistent with our assertion that
the formation of Al nitride accelerates after the sample
temperature increases to 7T=170 K. As we heat up the
sample to 7=170 K, the peak shifts to the lower
binding-energy side by ABE~0.4 eV [Fig. 4(d)]. Com-
bined with the peak shift of the Al 2p core-level EDC’s
toward the higher binding-energy side [Fig. 3(c)], this
peak shift of N 1s indicates an increase in the formation
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of the Al-nitride overlayer, and the peak shift results
from the lower electronegativity of Al compared to that
of nitrogen atoms. The continuous peak shift toward the
lower binding-energy side [Figs. 4(d)-4(f)] reflects the
continuation of the formation of Al nitride and the disso-
ciation of molecular ammonia into NH, as the sample is
heated, and it is consistent with the binding energy of
397.3 eV for AIN (Ref. 20) and 398.5 eV for NH, com-
pared with 400.1 eV for molecular ammonia.*®

As the temperature increases, the unreacted NH; and
gaseous molecular nitrogen escape from the surface. We
observe a reduction of about 50% in the peak intensity
after heating up to 7=270 K. This reduction provides
us with an indication of the degree of Al nitridation dur-
ing heating. The thlckness of the formed Al N, _, is es-
timated to be <4 A, assuming that all the nitrogen left
on the sample reacts with part of the deposited aluminum
to form the Al-nitride layers.

While the XPS core-level spectra demonstrate the pro-
cess and temperature dependence of  the
Al/NH;/GaAs(110) interface formation, our inverse-
photoemission studies provide a clear picture of the evo-
lution of the unoccupied electronic states and the metal-
insulator transition associated with the nitrification of Al.
Figure 6 displays the inverse-photoemission spectra at
four different experimental stages: (a) clean surface at
room temperature, (b) after 1 L exposure of NH3, (c) after
20 L exposure of NH3, and (d) after deposition of 10 A of
Al. The energy of the inverse-photoemission spectra was
measured from Fermi level of the sample.
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FIG. 6. Inverse-photoemission spectra at four different ex-
perimental stages. From the bottom up: (a) clean GaAs at
room temperature; (b) after exposure of 1 L of NH; at T=90 K;;
(c) after exposure of 20 L of NH; at T=90 K; (d) after deposi-
tion of 10 A of Al on NH;/GaAs(110) at T=90 K (e) difference
curve between (c¢) and (d); (f) difference curve between (a) and
(b).
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We present the spectrum of a clean surface of
GaAs(110) at room temperature [Fig. 6(a)], which has
been similarly observed by many others.*>* We observe
two main peaks, one at E=1.7 eV and the other at
E=5.6 eV above the Fermi level. We believe that the
former represents the empty surface states of the sub-
strate, which is very sensitive to the condition of the sur-
face, and increases or decreases significantly upon the
subsequent deposition of insulating or metallic over-
layers. The broad feature centered at E =5.6 eV reflects
the transition into conduction bands,*! which will quickly
disappear after we deposit overlayers. We also notice the
tailing of the conduction-band minimum into the Fermi
level, indicating that some surface states, likely due to the
imperfect cleave of the sample, exist in the band gap.

The condensation of 1 L NH; ( =0.2 ML) in Fig. 6(b)
introduced two peaks at E=1.2 and 3.7 eV, respectively
[Fig. 6()]. We believe that these two peaks represent
new interface states generated during the nitrification of
the substrate, rather than empty molecular states of am-
monia, since the lowest unoccupied molecular state of
ammonia is 4a;, whose energy is expected to be around
E=15.4 eV or 0.58 hartree.*> The 1.2-eV peak may also
be due to a shift of the 1.7-eV peak of the clean surface
[Fig. 6(a)] toward the Fermi level, which is consistent
with our earlier suggestion in the XPS study that the
nitrification of the substrate reduces band bending to-
ward the center of the band gap. Upon further condensa-
tion of 20 L of NH;, the inverse-photoemission spectrum
shows a strongly suppressed peak at E=1.2 eV,
confirming the presence of a thick insulating layer [Fig.
6(c)]. After the deposition of 10 A of Al on the sample,

LI S B B S S B B R B B B S BN N B
oo®

Temp. Dependence .= .
of IPES RS

L8 e } -
(d ) o -

(c) ¢ < ..‘}““-..-

lntensity (arb. units)

.' . hv=9.8eV
(b .
Lo Off-normal
(a)..

Y™ LA HT U U SR PR RRUN B S

-3-2-10 1 2 3 456 7
Energy from Ef (eV)

FIG. 7. Inverse-photoemission spectra for temperature
dependence of Al nitride on GaAs(110). From the bottom up:
(a) 10 A Al/20L NH;/GaAs(110) at T=90 K; (b) the same sur-
face at T=150 K; (c) the same surface at T=200 K; (d) the
same surface at T=230 K (e) the same surface at T=270 K.
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we observe a large increase in the states around the Fermi
level and a smooth, free-electron-like density of states,
which are the indications of the thin film of metallic
aluminum which one expects to see. The difference
curves of (e) and (f) are also shown in Fig. 6 for visual
clarity of the changes in the spectra after the exposure of
1 L of NH; and aluminum evaporation.

The temperature study of the IPES data shows the
transition from a metallic Al layer to an insulating Al-
nitride layer. As we continuously heat up the sample
from T=100 up to 270 K, the emission onset near the
Fermi level becomes less steep, and the free-electron-like
density of states steadily disappears, leaving behind the
much less structured spectrum [Figs. 7(a)-7(c)]. This
featureless behavior and the large decrease in the density
of states near the Fermi level may be rationalized by not-
ing that the formation of A1, N,_, takes place during the
warmup to room temperature, and the formed insulating
overlayer is amorphous. In addition, charging up in the
insulating layer smears out the spectra, resulting in a
smooth rise near the Fermi level rather than clearly
displaying the conduction-band minimum of A1, N, _ .

CONCLUSIONS

We have studied the interface formation of
Al/NH;/GaAs(110) using x-ray-photoemission and the
inverse-photoemission spectroscopy. We have found that
the nitrification of GaAs(110) is very similar to that of
GaAs(100) after examining the core-level EDC’s of the
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substrate. Our results from N 1s core-level EDC’s
confirm our previous suggestion that the nitrification of
the substrate is enhanced by the deposition of aluminum.
The formation of Al nitride is observed in the N 1s and
Al 2p core-level EDC’s and the inverse-photoemission
spectra. Especially, Al 2p core-level EDC’s and the
inverse-photoemission spectra reveal the metallic-to-
insulating transition of the overlayer. Also, with finer
temperature control, we are able to observe the formation
of Al nitride at T7=170 K and above. It appears that
above T'=90 K there is no threshold temperature for the
formation of Al nitride to take place, although the reac-
tion to form Al nitride at 7=90 K is slow, and probably
kinematically limited. Finally, the interaction between
the aluminum overlayer and the substrate is minimal, and
little or no free Ga is observed throughout the experi-
ment.
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