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Abstract 

This study presents results of UV photoemission measurements of the surface and interface properties of heteroepitaxial 
AIGaN on 6H-SiC. Previous results have demonstrated a negative electron affinity of AIN on 6H-SiC. In this study 
AI xGat_.,. N alloy films were grown by organometallic vapor phase epitaxy (OMVPE) and doped with silicon. The analytical 
techniques included UPS, Auger electron spectroscopy, and LEED. All analysis took place in an integrated UHV transfer 
system which included the analysis techniques, a surface processing chamber and a gas source MBE. The OMVPE alloy 
samples were transported in air to the surface characterization system while the A1N and GaN investigations were prepared 
in situ. The surface electronic states were characterized by surface normal UV photoemission to determine whether the 
electron affinity was positive or negative. Two aspects of the photoemission distinguish a surface that exhibits a NEA: (1) 
the spectrum exhibits a sharp peak in the low kinetic energy region, and (2) the width of the spectrum is h u - Eg. The in situ 
prepared A1N samples exhibited the characteristics of a NEA while the GaN and Alo.~3Gao.87N samples did not. The 
Alo.55Ga045N sample shows a low positive electron affinity. Annealing of the sample to > 400°C resulted in the 
disappearance of the sharp emission features, and this effect was related to contaminant effects on the surface. The results 
suggest the potential of nitride based cold cathode electron emitters. 

1. Introduction 

There is increasing interest in electronic devices 
composed of III-nitride materials for opto-electronic 
applications in the blue and UV region [1]. An 
alternative application of these semiconductors is in 
electron emission devices. Recent studies have 
demonstrated that diamond surfaces can exhibit a 
negative electron affinity (NEA). NEA surfaces may 
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prove to be critical elements for cold cathode de- 
vices, vacuum microelectronics, and photodetectors 
[2,3]. In addition to diamond, thin films of  AlN 
grown on 6H-SiC have been shown to exhibit a 
negative electron affinity (NEA) [4,5]. The A1N NEA 
surfaces were obtained from air exposed surfaces, 
and do not appear to be readily poisoned. In contrast 
to diamond, AIGaN materials exhibit the wurtzite 
crystal structure. One of the most significant limita- 
tions in the application of  diamond is that reliable 
n-type doping has not been achieved. In contrast, 
n-type doping has been obtained for GaN and some 
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Fig. 1. The bandgap versus hexagonal lattice constant (a) for a 
variety of wide bandgap semiconductors. The lattice constant for 
the cubic materials has been determined from the (111 ) plane. 

A1GaN alloys. This study explores further the elec- 
tron affinity of epitaxial A1GaN films on 6H-SiC. 

The wurtzite AIN and GaN form a continuous 
solid solution of AI~Ga~ ~N for 0 < x  < 1 with 
bandgaps that range from 3.4 eV (GaN) to 6.2 eV 
(AIN). Fig. 1 displays the bandgap of several materi- 
als as a function of the equivalent hexagonal lattice 
constant. The alloys are also miscible with In, hence 
the inclusion of InN could extend the range to 1.9 
eV. The electron affinity of a semiconductor is re- 
lated to the surface dipole and to the fundamental 
energy levels of the materials. Because the valence 
and conduction bands of the semiconductors have 
origin in the sp 3 bonding and antibonding levels, it 
may be suggested that the larger bandgap materials 
will exhibit a smaller or negative electron affinity. In 
comparison with diamond, it might be assumed that 
A1GaN alloys with a bandgap greater that 5.4 eV 
could exhibit a NEA. In this paper we report studies 
of A1GaN with x values of 0.55 and 0.13 as well as 
preliminary studies of GaN. 

The A1GaN and GaN films used in this study 
were grown on vicinal 6H-SiC substrates. The n-type 
SiC substrates used have a small lattice mismatch 
with A1N (3.08 A versus 3.11 A) and GaN (a = 3.19 
,~). The small lattice mismatch enables heteroepitax- 
ial growth of the wurtzite (2H) structure. Further- 
more, the fact that the substrates are conducting 
avoids charging problems associated with photoe- 
mission from large bandgap and insulating materials. 

The electron affinity of a semiconductor or the 
presence of a NEA can be determined by ultraviolet 
photoemission spectroscopy (UPS) [6-8]. The exper- 
iments described here involve directing 21.2 eV light 
(the He I resonance line) to the surface of the sample 
and detecting the spectrum of the emitted photo 
excited electrons as a function of electron kinetic 
energy. Typically, UPS is used to obtain a profile of 
the valence band (VB) electronic states. As such, 
most studies of UPS of semiconductors present data 
of the most energetic electrons emitted from the 
surface. Electrons scattered to lower energy and 
secondary electrons will be displayed in the spec- 
trum at lower kinetic energies. In addition, for a 
semiconductor which exhibits a NEA surface, a dis- 
tinctive peak may be observed at the low kinetic 
energy (highest binding energy) end of the photoe- 
mission spectra. Fig. 2 depicts a schematic represen- 
tation of the photoemission spectra from a semicon- 
ductor with a negative or positive electron affinity. 
The low kinetic energy feature is due to secondary 
electrons which (quasi) thermalize to the conduction 
band minimum. Note that the solid line indicates a 
material with a positive electron affinity while the 
dashed line is a feature indicative of a NEA. In this 
paper we discuss samples with both positive and 
negative affinity surfaces. 

The sharp features typical of a NEA have been 
observed from spectra of (111) and (100) diamond 
surfaces [6-10]. In the studies of diamond, a correla- 
tion was made between the presence of hydrogen 
and the NEA peak [9,10]. In addition, it was also 
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Fig. 2. A schematic of the difference in the photoemission spectra 
of a semiconductor with a positive or negative electron affinity. 
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shown that thin metal layers such as Ti or other 
moderate work function metals could induce a NEA 
on the diamond surface [10,11]. These measurements 
verify that the surface dipole can be influenced by 
surface processing and that the effects contribute to 
the observation of a NEA. 

2. Experimental procedure 

The 6H-SiC substrates used in this study were 
supplied by Cree Research, Inc. The samples were 
n-type with doping concentrations of 1016 tO 1018 
cm 3. The A1GaN samples were grown by CVD in a 
remote location and transported in ambient to the 
analysis system. To avoid surface contamination A1N 
and GaN samples were also grown in the integrated 
UHV transfer system by gas source molecular beam 
epitaxy (GSMBE). This system includes the UPS 
system, LEED, Auger, hydrogen and argon plasma 
processing chamber, and XPS as well as the GSMBE. 
The system is described elsewhere [9,11]. Recently 
added is the capability of gas source MBE (GSMBE) 
to grow undoped A1N and GaN films. 

The A1GaN thin films were grown on vicinal 
n-type, Si-face c~(6H)-SiC(0001) substrates at 
I I00°C. Vicinal wafers were SIC(0001) 3°-4 ° off- 
axis toward the (1120). The as-received SiC wafers 
were cut into 7.1 mm squares. The SiC pieces were 
degreased, dipped into a 10% HF solution for 10 min 
to remove the thermally grown oxide layer, and 
blown dry with N 2 before being loaded onto the 
SiC-coated graphite susceptor. The reactor was evac- 
uated to less than 3 X 10 -5 Torr prior to initiating 
growth. The continuously rotating susceptor was rf 
inductively heated to the AIGaN deposition tempera- 
ture of I I00°C in 3 SLM of flowing H 2 diluent. 
Hydrogen was also used as the carrier gas for the 
various metalorganic precursors. Once this growth 
temperature was reached and stabilized, AIGaN de- 
position was started by flowing triethylaluminum 
(TEA), triethylgallium (TEG) and ammonia (NH 3) 
into the reactor at 23.6 /zmol/min,  10.5 /zmol/min 
and 1.5 SLM, respectively. The approximate solid 
solution alloy concentration using these growth pa- 
rameters was estimated to be A10.55Gao45N from 
cathodoluminescence measurements. The A1GaN 
films were doped with Si from a Sill 4 source (8.2 

ppm in N 2 balance) at flow rates between 2.89 and 5 
nmol /min to minimize charging problems. The sys- 
tem pressure during A1GaN growth was 45 Torr. The 
AIGaN layer was grown for 90 min resulting in an 
approximate thickness of 1.5 /xm. AIGaN samples 
were transported in air to the analysis system. Film 
concentrations were determined from the bandgap 
values of cathodoluminescence. Auger electron spec- 
troscopy was also used to characterize the surface. 

The GaN growth took place in a GSMBE. The 
cleaning procedure is similar to the above described 
process but differs in that once in vacuum the sub- 
strate is annealed in a silane flux [12]. The GaN 
samples were not intentionally doped, but since very 
thin films were employed, charging problems were 
avoided. 

The UPS measurements were excited with 21.21 
eV radiation (He I resonance line), and emitted 
electrons are collected with a hemispherical energy 
analyzer. The base pressure of the UPS system is 
2 × 10 - ~  Torr, and operating conditions involve 
pressures up to l X 10 _9 Tort, but the higher pres- 
sure is due to the helium inflow and does not con- 
taminate the sample. The 50 mm mean radius hemi- 
spherical electron analyzer was operated at a 0.15 eV 
energy resolution and a 2 ° angular resolution. The 
analyzer (VSW HA50) is mounted on a double 
goniometer and can be tilted with respect to the 
sample in two independent directions. The samples 
were fastened with tantalum wire to a molybdenum 
sample holder. The sample holder is biased by up to 
3 V to allow low energy electrons to overcome the 
work function of the analyzer. The Fermi level of the 
system (sample and analyzer) is determined by UPS 
measurement of the sample holder with no sample 
bias (i.e., grounded). The sample holder can be 
heated to 1150°C, and the temperature is measured 
by a thermocouple. 

3. Results and discussion 

The UV photoemission spectra of all four samples 
studied here are shown in Fig. 3. The A1N and GaN 
films were prepared by gas source MBE and trans- 
ferred under UHV to the photoemission system, The 
two alloy samples were prepared by CVD and suf- 
fered ambient exposure. Samples were biased with 
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Fig. 3. The UV photoemission spectra of AI ,Ga I _ ,.N for x = 0. 

0.13, 0.55, 1.0. Spectra were aligned at the valence band maxi- 

Mum. 

2-3  V to overcome the work function of the ana- 
lyzer, and all spectra were shifted to be aligned at the 
valence band maximum. The spectra were scaled 
such that the strongest emission was the same for all 
c u r v e s .  

The first aspect to be noted is that the spectra of 
the 55% aluminum alloy and A1N exhibit sharp 
strong features at the highest binding energy, which 
corresponds to the lowest kinetic energy. These fea- 
tures are possibly indicative of a negative electron 
affinity. As noted in the introduction, the feature is 
attributed to emission from electrons quasi-thermal- 
ized to the conduction band minimum. The emission 
from the Alo,13Ga0.87 N sample is significantly 
weaker, and the GaN emission does not show the 
sharp peak at all. 

A second indication of the change in electron 
affinity with alloy concentration is the extension of 
the A1xGa ~ xN spectra to lower energy as x is 
decreased. A more precise description of the relation 
of the NEA is obtained from the spectral width. The 
spectral width is obtained from a linear extrapolation 
of the emission onset edge to zero intensity at both 
the low kinetic energy cutoff and at the high kinetic 
energy end (reflecting the valence band maximum). 
For a material with a positive electron affinity, Fig. 2 
shows that X = hu - E g  - W ,  and for a material with 
a negative electron affinity Fig. 2 indicates that 
0 = h u - Eg - W, or rewriting, h u = Eg + W. This 
analysis indicates that the 55% aluminum sample 
does not have a negative affinity but rather a low 
positive affinity value, as discussed below. We note 

that the photoemission measurements cannot be used 
to determine the energy position of the electron 
affinity for the NEA case. 

To determine the energy position of the valence 
band maximum, the spectral gain was increased, and 
the intensity was extrapolated to 0 emission. The 
spectra are aligned in Fig. 3 at the deduced valence 
band maximum. The spectral widths obtained from 
the AlxGa I_,+N samples were 14.5, 14.5, 15.5, and 
15 eV for x = 0, 0.13, 0.55, and 1.0, respectively. In 
applying the relations noted above, the bandgaps of 
the bulk A1N and GaN must also be known. The 
literature values of the A1N and GaN bandgaps are 
6.2 and 3.4 eV respectively. Assuming a linear ex- 
trapolation for the bandgap of the alloys, we deduce 
x = 0.55 for Eg = 4.70 eV and x = 0.13 for Eg = 3.80 
eV. Using the relations described above, the AIN 
surface satisfies the relations for a NEA within + 0.2 
eV, while the GaN, A1055Ga0.45N, and the 
A10.13Ga0.svN surfaces do not satisfy the relations 
for a NEA. We can, however, determine the value of 
the electron affinity of these materials and find that 
X = 3.3 eV, 2.9 eV, and 1.0 eV for x = 0, 0.13+ and 
0.55, respectively. 

Another aspect that is evident from the photoe- 
mission spectra is the position of the surface Fermi 
level relative to the valence band maximum. It was 
found that E F ranges from 2 to 3.5 eV above the 
valence band maximum for each sample. For the 
GaN and A10.13Ga087 N surfaces, these values posi- 
tion E F in the upper part of the gap while for the 
A1N and 55% A1 samples, the values indicate that 
the surface Fermi level is pinned near midgap. The 
pinning at midgap may be an indication of increased 
impurity incorporation. In particular, the strong affin- 
ity of AI with oxygen often results in increased 
oxygen incorporation for these films. 

To further explore the surface affinity, the effect 
of annealing in vacuum was explored for the x = 0.55 
sample. The results are shown in Fig. 4. After an- 
nealing to 475°C and 580°C for 10 rain the photoe- 
mission spectra showed a decrease in the relative 
intensity of the NEA related peak. Furthermore, the 
width of the spectra also decreases. As these temper- 
atures are much less than the temperatures involved 
in growth, it is unlikely that a component present 
during growth is removed. It is possible that we 
introduced some type of contamination which af- 
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fected the emission. We suggest hydrocarbon con- 
taminants as a likely possibility. No LEED pattern 
was visible for the A10.ssGa0.4sN sample, and the 
lack of a LEED pattern for the as-loaded samples is 
possibly related to carbon and oxygen on the surface 
(attributed to the transport in air). The annealing may 
result in more complete bonding of the surface ad- 
sorbed hydrocarbon layer which results in a change 
in the surface dipole. Another possibility is that the 
electron affinity has been affected by adsorbed 
molecules such as hydrogen. While previous results 
have shown that hydrogen can induce a negative 
electron affinity surface on diamond [7,10], the AI- 
GaN surfaces have not been intentionally exposed to 
H. It is evident that further studies are necessary to 
characterize the surfaces more completely. 

The deduced electron affinities versus alloy con- 
centration are shown in Fig. 5. Again we note that 
the photoemission measurements cannot be used to 
determine the position of the vacuum level for a 
NEA surface so this point is indicated at X = 0 with 
an arrow to larger negative values. The results sug- 
gest that the electron affinity depends on the alloy 
concentration as originally suggested. Unfortunately, 
we do not have sufficient data at this time to more 
completely describe the effect. Additionally, we have 
made no effort to control the surface termination for 
these samples. For diamond, it was found that the 
observation of a NEA is critically dependent on the 
surface termination. Future studies will explore 
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Fig. 4. The UV photoemission from Alo.55Ga045N on 6H-SiC 
versus annealing temperature. 
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whether the electron affinity of AIGaN materials is 
also affected by different surface preparations. 

4.  C o n c l u s i o n s  

In summary, we have observed features in the 
UPS spectra indicative of a NEA surface on A1N and 
a low positive electron affinity for A10.55Ga0.45N. 
The AIN spectra exhibited both the sharp features at 
low kinetic energy that have been found to be char- 
acteristic of a NEA, and the width of the spectra was 
also consistent with the observed effect. The UPS 
spectra of AlGaN alloys did not show an NEA, but 
the measurements have been used to determined the 
electron affinity of GaN, A10.13Ga0.svN, and 
A10.ssGa0.45N yielding values of 3.3, 2.9, and 1.0 
eV, respectively. 

The surface Fermi level was found to shift to- 
wards the middle of the band gap for the AI rich 
samples, and this may indicate an increase in oxygen 
impurities. 

The NEA surfaces were robust showing the effect 
even after transfer through ambient. AIN samples 
grown in situ have shown NEA surfaces without the 
presence of oxygen. The positive affinity surfaces 
when annealed result in a change of the electron 
affinity. This effect was attributed to a change in the 
surface layer that affected the surface dipole. 

Future work will involve examining samples to 
fill in the gaps in the solid solution of A1GaN alloys. 
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Furthermore, we will explore whether surface treat- 
ments can be employed on the AIGaN alloys to form 
stable NEA surfaces. 
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