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CHARACTERIZATION OF ELECTRON EMITTING SURFACES
OF DIAMOND AND III-V NITRIDES
R. J. Nemanich, P.K. Baumann, M.C. Benjamin, S.L. English, J.D. Hartman,
A.T. Sowers, B.L. Ward
Department of Physics and Department of Materials Science and Engineering
North Carolina State University, Raleigh, NC 27695-8202

Abstract

Wide bandgap semiconductors such as diamond and the diamond related materials of
GaN and AIN, exhibit small or even negative electron affinities. Recent results have shown that
surface treatments will modify the electron affinity of diamond to cause a negative electron
affinity (NEA). For the III-V nitrides of GaN and AIN, results indicate a NEA for some surfaces
of AIN and an electron affinity of 3.3 eV for GaN. Alloys of AlGaN exhibit a composition
dependent electron affinity which trends to a value of zero at ~70% AIN. This study describes
the characterization of these surfaces using UV photoemission spectroscopy (UPS), position
dependent field emission and photo-electron emission microscopy (PEEM). Results are
summarized which correlate the field emission from single crystal p-type (boron doped) diamond
with various surface processes used to establish a NEA surface. The field emission threshold
from the nitrogen doped samples is significantly higher than from p-type diamond, and in fact,
most surfaces are severely damaged during the emission measurement. The PEEM technique,
which combines aspects of UPS and field emission, images the emitted electrons allowing a true
relation of the emission to the surface morphology. PEEM results are presented for both

diamond and nitride surfaces.
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Introduction

Electron emission from wide bandgap semiconductors offers the potential for cold
cathode structures which would have a wide range of applications. Common semiconductors are
based on sp® type bonding, and the incorporation of impurities can lead to p- or n-type doping
characteristics. The discovery of a high quantum yield for photo-electron emission from diamond
(111) surfaces indicated the potential for diamond as an electron emitter.[1] It was later
concluded that the diémond (111) surface, when terminated with hydrogen exhibits a negative
electron affinity.[2]

The property of a negative electron affinity will allow conduction band electrons to be
freely emitted from a surface into vacuum without a barrier. Hence, the electron affinity of wide
bandgap semiconductors has been the focus of many studies. However, the development of cold
cathode devices will require emission without the assistance of light. Thus, field emission of

wide bandgap semiconductors has also been studied as a validation of the materials properties

- required to fabricate cold cathode structures. While many investigators have employed field

emission and photoemission to characterize surfaces, there have been significant differepces in
reports of similar materials. This study explores the characterization of electron emission
characteristics of wide bandgap materials. In particular, photoemission results are summarized
and correlated with field emission results. Moreover, we present photoelectron emission
measurements which help display the point of origin of the electron emission.

The materials of diamond, boron nitride, SiC, Al-Ga—Ip nitrides and their alloys are often
considered in the group of diamond-type materials because 6f their strong bonding leading to hard

materials. These materials are stable for relatively high temperature operation, and they resist




defect formation and dopant diffusion. With these characteristics, they have been considered as a
group for high power applications. With regards to field emission applications these same
properties will be important for high current emission and a resistance to sputtering induced
degradation.

While the ideal cold cathode material would exhibit a negative electron afﬁnity as noted
above, other properties are equally if not more important. The supply of electrons to the
emitting surface will require a low resistance ohmic contact and transport of the electrons through
the semiconducting material. To achieve these properties, n-type semiconducting characteristics
may be required. Highly doped n-type material will allow low resistance contacts and provide
electrons for transport through the material.

Field emission characterization of materials involves all of the attributes noted above. In
fact, there are often many possible emission mechanisms so that it is sometimes impossib1¢ to
determine the appropriate process for a single field emission measurement. In this study, we
describe how photoemission and field emission techniques can be applied for the characterization
of electron emission materials, and we summarize recent results on the diamond-type, hard, wide
bandgap semiconductors. In a unique combination of the two techniques, we describe how
photo-electron emission microscopy (PEEM) can be employed to relate the two processes and

to determine the spatial characteristics of the electron emission.

"~ Experimental

In this study measurements are presented for diamond and nitride surfaces. The samples

include 3mm x 3mm x 0.25mm type IIb natural diamonds, boron or nitrogen doped microwave




plasma CVD diamond films grown on Si substrates, epitaxial AlGaN films, and Si doped GaN
pyramid structures prepared by selective OMCVD growth processes. Details of the OMCVD
growth processes have been presented elsewhere.[3]

For the photoemission measurements presented here, the spectra were excited with Hel
radiation (21.2 eV), and the electrons were energy analyzed with a VSW 50mm mean radius
hemispherical electron analyzer. All the measurements presented here were obtained for surface
normal emission.[4]

The photoemission spectrum exhibits two aspects which indicate that the surface exhibits
a negative electron affinity.[2, 4] The first is the presence of a strong sharp feature at low kinetic
electron emission energies. The second attribute of a negative electron affinity at the surface is
determined from the width of the spectrum. The width of the photoemission spectrum (W) can
be related to the electron affinity ()). 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
kin;etic energy end (reflecting the valence band maximum). The following relations apply for the
two cases:

X =hv -Eg -W for a positive electron affinity )]
0=hv -Eg -W for a negative electron affinity
where Eg is the bandgap and hv is the excitation energy. We stress that the photoemission

measurements cannot be used to determine the energy position of the electron affinity for the
NEA surface. Careful measurements of the width of the spectra are helpful in distinéuislﬁng

whether the effect is direct emission of the electrons from conduction band states or excitons are




involved in the emission process. The effects of excitons have recently been reported by Bandis
and Pate.[5]

Field emission measurements were obtained in an ultra-high vacuum (UHV) system with
pressures typically < 1x10°® Torr. A cylinder of molybdenum (3mm diameter) was selected as
the anode for these measurements. The end of the cylinder was either polished flat or polished to
a very high radius of curvature (typically > 5mm) to minimize edge effects. The anode is
mounted on a stage that is coupled to a UHV stepper motor. One step of tﬁe motor corresponds

to movement of the anode by 0.055um. Current-voltage measurements are acquired with a

com-j)uter controlled Keithley 237 Source Measure Unit (SMU). The SMU has the ability to
simultaneously source a voltage and measure a current. A current limiting circuit is also included
within the SMU so that nb voltage is applied that causes the current to exceed 1x1077A.

In any given measurement, a family of I-V curves is recorded with each curve
corresponding to a different anode to sample spacing. Initially, the anode is positioned at some
unknown distance above the sample. The stepper motor count is recorded and an I-V curve is
collected. Next, the anode is moved closer to the sample by a known distance, and the cycle is
repeated until at least 5-10 curves are collected. As expected, the current-voltage curves shift to
lower voltage values with decreasing distance. Because of the nature of the Fowler-Nordheim I-V
equation, the “turn-on” voltage or threshold voltage must be defined in terms of a specific current
value. The voltage that results in a current value of 10nA was chosen to represent the threshold
voltage for electron émission.. This value was chosen because it is two orders of magnitude above

the inherent noise current in our system. Next, each threshold voltage is plotted versus distance




relative to the first I-V curve, and as expected, the resulting graph was linear. Upon fitting the
data to a straight line, the slope represents the average field for the threshold current emission.
This method for determining the average field does not rely upon the absolute anode to sample
spacing, but rather the change in distance of the anode with respect to the sample.

The PEEM measurements were obtained using a high resolution system from Elmitec.
The sample holder supports a Smm dia. substrate and employs electron beam assisted heating to
greater than 1000 °C. The base pressure in the microscope is ~2 x 107 Torr. The Elmitec
system employs an electromagnetic immersion lens, and has a lateral resolution of 10 nm. The
sample is held a potential of -20,000V while the electron colurnn is at ground potential. The field
is applied by an anode (ground) positioned 2 mm from the sample surface (averagé field of 10
V/um). The electrons are focused onto a microchannel plate and phosphor, and the image is
recorded with a CCD camera outside the vacuum. Most measurements were obtained with» uv
light from a 100 W Hg lamp focused onto the sample. The light is incident on the sample at an
average angle of 16 degrees. The high energy cutoff of the Hg lamp is ~ 5.1 eV. In some
instances the spontaneous radiation from a free electron laser system was employed to obtain
images. The light was obtained from the OK-4 UV free electron laser at the Duke University
Free Electron Laser Laboratory.

In all experiments, separate images were also obtained with the light turned off. Inlsome
cases weak images were visible induced by only the applied field. These images are termed field

electron emission microscopy (FEEM) images.
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Results and Discussion

Photoemission of Diamond and Nitrides

The electron affinity of a semiconductor has been discussed in the same terms as the work
function of a metal. The work function of a perfect metal surface is ascribed to aspects related to
the electronic levels of the atoms involved in the material and the surface dipole. In the most
fundamental terms, the surface dipole of a metai is related to the fact that the electron wave
function extends beyond the potential defined by the atomic core. The electron density at the
surface is balanced by an electron deficient region which results in a dipole. The field due to this
dipole results in a potential which confines electrons in the material. This is a very simplified
picture; in practice, it is not possible to calculate the surface dipole term, but it is possible to
discuss how changing the surface changes the surface dipole. In general terms, the adsorption of
an atomic species that is more electronegative than the surface atoms will increase the elegtron
affinity while adsorption of a more electropositive species will decrease the electron affinity.

For a semiconductor, the actual electron orbitals and bonding configuration will also come
to play in determining whether a change in the surface termination results in an increase or

decrease in the electron affinity. For diamond it is now recognized that adsorbate free surfaces or

" oxygen termination of clean surfaces both result in a positive electron affinity while hydrogen

termination results in a negative electron affinity.[4]

The results of an extensive UV photoemission study of surface preparation processes on
type IIb diamond are summarized in Table 1.[6] Following prior studies it may be concluded
that NEA surfaces are terminated w1th hydrogen while surfaces that exhibit a posmve electron

affinity are either oxygen terminated or adsorbate free. The initial diamond surfaces were




prepared with either a chromic acid etch or an electrochemical etch in water. For the (100)

surface both processes have been shown to result in oxygen termination characterized by a
positive electron affinity. The difference in the electron affinity apparently indicates differences
in the bonding or surface termination. Annealing of these surfaces results in the observation of a
negative electron affinity. We attribute this to desorption of oxygen which is replaced by
hydrogen termination. We speculate that the hydrogen evolves from th¢ bulk to the surface.
After higher temperature annealing the hydrogen desorbs, and the adsorbate free surface exhibits a
positive electron affinity. One interesting aspect is that the (111 ) surface is often observed to
exhibit a NEA after the wet chemical treatment. We suggest that this surface is at least partially
terminated with hydrogen. There are differences in the desorption temperature for the different
surface orientations. For the (100) surface, oxygen is observed to completely desorb at ~900°C
while for the (111) and (110) surfaces, the oxygen desorbs for annealing at 700°C or less.
Similarly, The hydrogen is observed to evolve from the (100) surface after annealing at 1100°C,
while annealing at 900 and 800 °C are required for H desorption of the (111) and (110) surfaces,
respectively.

Since large crystals of the III-V nitrides are not currently available, measurements have
been obtained from epitaxial films. Recent measurements of AIN thin films grown on SiC
indicates a NEA [7] while a positve ¥, of 3.3 eV is measured for GaN on SiC.[8] The results for
these and several alloy films are summarized in Fig. 1. The alloy concentration was deduced from

cathodoluminescence measurements of the bandgap and the assumption of a linear relation

between 3.4 eV for GaN and 6.2 eV for AIN. The results suggest that a negative electron affinity




is obtained for these surfaces with AIN percentages of ~70% or greater. To date there have not

been measurements of the effect of surface adsorbates, but a theoretical analysis indicates that
molecular adsorbates such as hydrogen will behave differently on the different nitride surfaces.[9]

Field Emission - Moving Probe

Field emission properties were measured using a position variable anode system. This
technique has the adyantage that the dependence of the emission on the anode to cathode spacing
can be measured. In addition, the technique is not as sensitive to parallelism of the anode and
cathode surfaces which often presents problems when using a spacer apparatus to measure field
emission properties. Also, obtaining the high vacuum required for electron emission is
- accomplished more easily with the position dependent anode system, and the system is not
susceptible to breakdown of the dielectric spacer.

Field emission measurements were applied to the p-type natural diamonds after various
surface treatments.[6] Type IIb diamond (100) and (110) samples were prepared with the
electrochemical cleaning processes and then loaded into the UHV moving probe field emission
system. A (110) sample was also exposed to a hydrogen plasma and transferred directly to the
field emission system. Field emission measurements were obtained at several distances, and the
distance was determined by relating the measurements to the point of contact. This process
leads to some uncertainty, but for these conducting substrates, it is not a critical 'issue. The
average threshold field for the measurements is shown in Table 1. Here, very high values were
obtained from the oxygen terminated surfaces and a low value was obtained from the hydrogen
terminated surface.

While n-type diamond is not commonly available, single substitutional nitrogen doped
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diamond can be prepared with a deep donor 1.7 eV below the conduction band. Geis et al. [10]
have suggested that a Schottky contact, which is formed when type Ib single crystal diamond is
metallized with nickel, may be sufficient to supply electrons into the conduction band of the
diamond. In this model, the applied voltage would be dropped primarily across the
metal/diamond interface, and a low field at the NEA surface would result in emission into
vacuum. Figure 2 shows the field emission propérties of a nitrogen doped diamond film grown
on Si using [N]/[C] = 0.2. The average threshold field (for 10 nA emission) for this sample was

71 V/um. After field emission measurements, damage to the diamond film and substrate was

observed by optical microscopy. Micro-arcs between the sample and the anode are the most
likely explanation for the observed damage. [11] These position dependent ﬁéld emission
measurements indicate that an injecting contact is not formed for these films. It is likely that the
observed emission is directly from the Si substrate at the points of damage.

Field emission measurements have also been obtained from pyramid structures of Si
doped GaN.[3] These structures are prepared by selective OMCVD growth processes.[3] We
note that the surfaces were prepared with a hydrogen plasma exposure prior to the field emission
measurements. This process was employed as an in situ cleaning process, and Auger electron

“spectroscopy verified removal of surface carbon contamination, but the treatment did not affect
the monolayer surface oxide termination. The field emission results are presented in Fig. 3. This
surface exhibits the lowest threshold of any sample that we have measured to date. Similar

measurements from flat surfaces of similar films exhibit an average threshold field of ~50 V/um.

PEEM Imaging of III-V-Nitride and Diamond Films
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The technique of PEEM and FEEM has previously been applied to the study of CVD
diamond thin films. Wang et al. [12] have reported electron emission from CVD diamond films
with field strengths as low as 3V/um, and it was suggested that the emission is due to the
negative electron affinity of the diamond surfaces. In another study, Shovlin and Kordesch [13]
report inducing low field cold emission in a partially oriented ([100] texture) diamond film by
depositing 7nm of gold on the surface. While most studies have employed a Hg lamp to excite
the PEEM image, synchrotron PEEM was performed on diamond films and uniform emission
was observed. [14] We report in Figure 4 PEEM images comparing boron and nitrogen doped
films. The images show emission from all surfaces with stronger emission from the edges near
the surface. The differences in the images reflects the differences in the surface morphology as
evidenced by SEM of the same samples. Raman analysis of these films shows a low
concentration of sp® bonded carbon, and we do not detect enhanced emission from graphitic grain
boundaries. The observed enhanced emission from the edges is likely due to field enhancement
fr(;m the applied field of the microscope. For‘these samples we were not able to detect FEEM
images. This is consistent with our field emission measurements which showed threshold
emission fields greater than the 10V/um available in the microscope system.

The PEEM and FEEM images of the Si doped GaN pyramidal array are displayed in Fig.
5. Note that emission is observed from the regions near the peaks of the GaN pyramids, and that
emission intensity is nearly uniform for each of the emitters over the array. Moreover, emission
is observed in the FEEM image, and this is again consistent with our field emission meas_'urements

which showed an emission threshold less than 10 V/pm.
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Concluding Remarks

The results presented here demonstrate the necessaity for a series of complimentary
measurements in order to characterize the properties of wide bandgap materials for electron
emission applications. It is evident that the electron affinity is a critical limiting aspect for field
emission from condgcting p-type diamond and Si doped GaN. It appears that the electron
emission from p-type diamond is from the valence band of the material, while evidence suggests
that the field emission from Si-doped GaN originates from elecﬁons in the conduction band.
Moreover, we were not able to obtain emission from nitrogen doped diamond without damaging
the surfaces. This suggests that the emission threshold is greater than the measured value of
~70V/um. The high field required for emission from these samples seems inconsistent with the
proposed model for the effect of single substitutional nitrogen. The PEEM‘ measurements were
fully consistent with the field emission measurements. In the PEEM from diamond, emission
was observed from all surfaces with some enhancement at the edges. This was attributed to the
field in the microscope.

The Si doped GaN pyramid structures displayed the lowest field emission threshold of
our samples, and both PEEM and FEEM emission showed relatively uniform emission
originating from the peaks of the structures.

Another technique that is critical for characterizing field emission materials is field
emission energy distribution (FEED). In this technique the energy spectrum of the emitted
electrons is analyzed. This fechnique is important because the energy of the emitted electrons

can be determined with respect to the contact Fermi level. This allows determination of whether
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the emission is from metallic states at the Fermi level or from the valence or conduction bands of
a semiconductor.

The results for the diamond-type material systems described here show promise for the
development of cold cathode emitters. While relatively low field emission thresholds have been
reported for p-type diamond, the development of n-type doping could certainly improve the
performance of diamond based emitters. For the nitrides, it appears that n-type GaN holds real
promise as an electron emitter. The development of selective growth processes to produce
pyramid structures which combine the low work function and field enhancement is one approach.
Another will be to explore AlGaN alloys with increased Al concentration while still maintaining
n-type doping. To date n-type character has been reported for AlGaN alloys with ~40% AIN,
and theoretical analysis suggests that doping of alloys with up to 60% AIN is possible. There‘
have been no reports to date on the effects of different surface terminations of the nitrides, while
it is now established that surface termination strongly affects the emission character of diamond

surfaces. Future research is in progress to address these issues.
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Figure Captions

1. Plot of the electron affinity versus alloy concentration for AlGaN alloy films grown on
6H-SiC (0001). The values were deduced from UV photoemission, and we note that negative

values cannot be obtained with this technique.

2. Field emission measurements of a nitrogen doped diamond film obtained at various anode
to sample distances (a), and an analysis of the average field required to obtain an emission current
of 10 nA (b). In (a) the current has been normalized by the background noise current and is
plotted on a log scale (Inise = 0.1 nA). The distance scale in (b) was measured relative to the first
measurement position, and subsequent data were obtained as the anode was moved towards the

surface. The slope of the plot in (b) is 71 V/um.

3. - Field emission measurements of a Si doped GaN pyramid array. The measurements were
obtained at various anode to sample distances (a), and an analysis of the average field required to

obtain an emission current of 10 nA (b). The slope of the plot in (b) is 7 V/um.

4. PEEM image of p-type diamond film (a) and a nitrogen doped film (b). In these images
the dark regions represent the areas of intense electron emission. A 100W Hg lamp was used to

obtain (a) while the spontaneous radiation from the UV FEL at Duke University was used to

obtain (b).

5. PEEM image of the pyramid structures of the Si doped GaN (a), and FEEM image of the
same surface (b). In these images the dark regions represent the areas of intense electron

emission. The images were excited with a 100 W Hg lamp.
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Photoemission Electron Microscopy of buried TI/AIN
Interfaces

J. Hartman, S. English, W. Yang, H. Ade, R. Nemanich, R. Davis

A. Abstract.

The use of a Photo-Emission Electron Microscope for the investigation of buried
Ti contacts was investigated. The contacts consisted 100 um Ti circular dots that were
buried under 400 A AIN and were deposited on a SiC substrate and a GaN epilayer.
Results show that upon heating to 300 — 400 °C the contrast mechanism between the
buried contacts and the background disappears when viewed with the mercury arc lamp.
Upon repeating the PEEM experiment after the sample has been at atmosphere for
several days, the contrast mechanism returns. The PEEM, with use of the Free Electron
Laser at Duke University, also showed the underlying structure of the surface, which was

not visible with the mercury arc lamp.

B. Introduction

The use of wideband semi-conducting materials has gained widespread interest
due to their potential applications as light emitting diodes and field effect transistors [1].
Recent advancements have produced blue LED’s from metalorganic chemical vapor
deposition [2] and laser diodes [3] in both the United States and abroad. These devices
have been primarily made from MOCVD growrQ material, since it produces the best
quality [3]. However, molecular beam epitaxy is a pow_erful tool due its ability to
control growth on a monolayer level [3]. This report i)resents our most recent

advancements cénceming the set-up and use of the Photoemission Electron Microscope




(PEEM) and molecular beam epitaxy chamber (MBE) to characterize AIN and GaN.

Results from an experiment of buried Ti interfaces (contacts) are presented below.

Over the past several years, continuing development of the resolution of
Photoemission electron microscopes has allowed the microscopjc analysis of surfaces and
interfaces. Recent studies have used the PEEM for the analysis of p-n junctions [4],
buried interfaces [5], Schottky contacts [6], electromigration [7], and adsorption
(desorption) [7]. In PEEM, the sample is illuminated with a light source. Photons with
an energy greater than the work function result in emission of an electron. Photoemitted
electrons are then accelerated in a 20 kV field. The electrons are imaged using a
multichannel plate and phosphor screen. The image contrast is due to differences in the
photoyield of the electrons emitted which occurs due to differences in topography or

differences in work function.

Using PEEM we have examined buried 100 pm Ti contacts under an 400 A of
CVD AIN. The measurement of the buried Ti dots show a potential method for the
characterization of buried interfaces and possibly characterizing band bending at these
interfaces [6]. The chemical reactions associated with the interface may also be
characterized through analysis of the difference in work functions associated with areas

of different chemical composition [5].




C. Equipment Accomplishments to Date

Over the past several months, our group has had the opportunity assemble a
custom built Molecular Beam Epitaxy chamber with an attached Auger system. This
system will allow the growth and characterization of II-N epitaxy semiconductor films,
but still allow monolayer control. The system consists of two EPI knudsen cells; one for
Al and one for Ga. The nitrogen source at this time is an RF plasma source from SVT
Associates, however, we plan to employ ammonia as the source in the near future. The
system is pumped using two ion pumps obtained from Physical Electronics. These
consist of an 80 I/s for the Auger system and 520 I/s for the MBE system. During nitride
growth, the gate values to the ion pumps will be closed and pumping will be done using a
520 1/s turbo-molecular drag pump from Pfeiffer. The first AIN film was grown on June
16‘h, 1998. However, due to the new system with new sources, this film had high _levels

of oxygen. Over the next few months, the system will be optimized for nitride growth.

As stated above, along with the Molecular Beam Epitaxy system, a Physical
Electronics Auger system was also assembled. The system consists of a 10-155
cylindrical mirror analyzer and can supply an electron beam voltage up to SkV. The
Auger system is attached directly to the MBE chamber for characterization of the films

and substrates before and after a growth run.

In the very near future, a linear 4-pocket e-gun from Thermionics will be added to
the chamber. This will allow cleaning of SiC films and deposition of metals for various

contacts to the semiconductors.




D. Experimental Procedures: Buried interfaces

The sample preparation for buried Ti contact experiments consisted of
evaporating 250 A of Ti on an epilayer of GaN grown on a (0001) 6H SiC substrate using
a custom MBE chamber and on a 6H-SiC substrate by through the use of a Themionics 5
pocket linear e-Gun (Model 100-0050). The pattern consisted of 100 um dots, created
using a standard Molybdenum screen. A capping layer of 400 A of AIN was then grown
over the Ti dots u.sing CVD. The samples were loaded into a commercial Photoemission
Electron Microscope manufactured by Elimitec. Analysis was conducted using light
from a ORIEL mercury arc lamp and spontaneous emission spectrum from 3.9 eV to 6.3
eV created by Duke University’s Free Electron Laser (FEL). The FEL allowed
observation of the Ti contacts at specific photon energies. The samples were viewed at

temperatures between 300K and 983 K.

E. Results: Buried interfaces.

The first sample tested consisted of the Ti dots deposited on SiC. During the first
run, in which only the mercury arc lamp was used, the Ti contacts appeared to have |
disappeared upon heating to 425 °C (Figures 1 and 2). Upon cooling the contacts became
visible again, but had the same contrast as the background. However, after several days

at atmosphere, upon analyzing the samples for a second time with the mercury arc lamp,

_ the contacts had reappeared and upon heating disappeared for a second time. The sample

was then run using spontaneous emission of light from Duke’s FEL. This time the Ti



dots did not disappear at 425 °C, even at the 5.1 eV characteristic energy of the Mercury

arc lamp (Figure 3 and 4).

Another phenomena that was noticed when observations were made with the FEL
was the visibility of the many details of the surface and/or underlying structures. At this
point it is not clear as to whether these structures are on the surface or a result of the
finish of the polishing of SiC wafer underneath the AIN layer. Surface characterization

using SEM and TEM will be conducted in the near future.

The results from the analysis of the Ti contact on the GaN sample were different
in some aspects. The contacts had appeared to disappear upon heating to 286 °C using
the mercury arc lamp and at 700 ° C using the FEL (Figures 5-8). However, the pictures
contained much more noise than those of the Ti contacts on the SiC. This limited the
visibility of the underlying surface of the GaN. This background noise may be due to the
lower bandgap associated with GaN under the AIN or due to the morphology of the AIN

grown on GaN.

F: Discussion

This project was conducted to determine the possibility of using the
Photoemission Electron Microscopy for the observation of buried interfaces.  The band
diagram associated with such a metal/semiconductor interface is shown in Figure 9. The
electrons are excited above the band gap of the AIN, and due to the potential field
acceleratéd away from the sample. Further analysis of the interface should produce a

more detailed band structure once the interface compounds have been identified.




The Ti contacts on the SiC have produced the most varied results. Initial
experiments had shown, that these contacts produced a sharpef image than those of the Ti
contacts on the GaN. This may be due to n-type doping of the GaN, which would allow
more electrons to be excited into the conduction band and through the AIN. A second
possibility is that the Ti contacts have produced Ti/Ga/N compounds and Ti silicides.
The morphology of AIN on the GaN may have also contributed to the increased noise

levels.

The disappearance of the dots in both cases, may be attributed to defect states
within the AIN epilayer. This would allow the electrons to tunnel through the AIN with
the photon energies at which these samples were analyzed. This theory is supported by
the fact that we can heat the sample and make the contacts disappear, and after a few days
at atmosphere, upon repeating the PEEM measurements, the contacts are again

* observable. Also, there may be effects due to the absorption of hydrogen, water, and
oxygen. A previous study[4] has shown that the contrast differences before and after

heating may be affected by the surface states. This same process may be evident in the

disappearance of the Ti dots.

G: Conclusion

Photo-Emission Electron Microscopy has been used to view buried contacts under
a wideband gap semiconductor.. The Ti contacts on both substrates disappear upon -

heating to 300 — 400 °C when imaging with the mercury arc lamp. Future research will




explore the possible origins of the loss of contrast. More importantly, the results

presented here demonstrate that PEEM can be applied to examine buried interfaces.
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REAL-TIME OBSERVATION OF TI SILICIDE EPITAXIAL ISLANDS GROWTH

WITH THE PHOTOELECTRON EMISSION MICROSCOPY

W. Yang, H. Ade and R.J. Nemanich,

Department of Physics, North Carolina State University, Raleigh, NC 27695- 8202

ABSTRACT

The formation of nanoscale Ti silicide islands was observed by Photo-electron emission
microscopy (PEEM). The islands were prepared by deposition of an ultrathin Ti (3-12ML) on
Si(001) at room temperature and at an elevated temperature of 950°C. The island formation was
initiated by in situ annealing to 1150°C. It was observed that initially Ti silicide islands form
while longer annealing indicates some islands move and coalesce with other islands. Most of the
islands are similar in size and have relatively uniform separation. Also, it was shown that for
- continued Ti deposition at a temperature of 950°C, the density of islands did not increase.
However, islands grew together when their perimeter lines touch each other. The results are

described in terms of island growth processes of coalescence and ripening.




INTRODUCTION

Photo-electron emission microscopy (PEEM) is an emission microscopy technique in
which images of a solid surface are formed by photo excited electrons. Typically, ultra violet
(UV) light above the photoelectron threshold will cause electrons to be er‘nittedv from a surface.
The photo excited electrons originate from the near surface region (~10nm), and essentially
reflect the electronic structure of the surface. These electrons may be accelerated and imaged,
and the image will reflect the properties of the surface. PEEM has already been used to
investigate surface chemistry of metals [1], epitaxial growth of materials [2] and characterization
of semiconductor devices [3]. PEEM allows real time observation and direct imaging during
processing with monolayer surface sensitivity and high resolution (~10nm). For this reason,

PEEM is particularly suited for measurement of dynamical processes on semiconductor surfaces.

In this study, PEEM is used to obtain the growth of nanoscale epitaxial silicide islands on
Si surface. The image contrast mechanism for a metal on a semiconductor system is the energy
difference between the work function (WF) of a metal and the photo-threshold of the
semiconductor (The semiconductor photo-threshold is the energy to excite an electron from the
valence band to the vacuum level). Therefore, TiSi, islands on a Si surface would be imaged by
this contrast mechanism. The photon energy of the employed UV-light should be below the
photo-threshold of silicon and above the WF of the Ti silicide. In this case, electrons will be

emitted from regions with Ti and no emission will occur from exposed Si surfaces.
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Our previous studies have shown the tendency of TiSi; on Si to form epitaxial island
structures. Furthermore, for ultrathin Ti (<lnm) deposited on Si substrate followed by high
temperature annealing (~1000°C), similarly sized islands of Ti silicide (~30nm) were obtained to
be uniformly distributed over the Si (001) surface [4-6]. The Ti silicide island size and spatial
distribution were very dependent on the growth conditions (i.e. Ti layer thickness, annealing
temperature and surface roughness)[4,5]. It was suggested that the narrow island distribution is

due to surface diffusion and the strain field effect induced in the substrate by the islands.

In this study, the formation of Ti silicide islands is explored with thin Ti deposition of 3-
12 monolayers(ML) on Si(001) substrates. During in situ annealing at temperatures up to
1150°C, the island formation process and dyn.amics are observed in real-time with PEEM. After
Ti silicide island formation, the surfaces are ex-situ analyzed with AFM and SEM to compare the
surface morphology with the results from the PEEM. The size and distribution of islands are
obtained, and the island growth is explained in terms of coalescence and ripening growth

processes.

EXPERIMENT

The experiments were performed in an UHV PEEM system obtained from Elmitech. This
system allowed heating of the substrates to > 1200°C, and the chamber is equipped with a Ti-
filament deposition source. The base pressure in this system was < 2 X 107° Torr. The electric

potential used for accelerating the imaging electrons is approximately 20kV across a gap of




2mm. The UV-light source is a Hg discharge lamp with upper cut-off energy near 5.1eV. We

have demonstrated the resolution of our system to be ~12nm using a 100W Hg lamp as the UV

excitation.

Sections of silicon (001) wafers (n-type, P-doped, resistivity 0.8-1.2 Q-cm, 9x9mm?)
were used as substrates. The wafers were cleaned first by uv-ozone exposure and then by an HF
based spin etch (HF:H;O:ethanal=1:1:10). After ex-situ cleaning, the wafers were mounted to
the sample holder and then introduced into the PEEM chamber. Before Ti deposition, the wafer
was heated at a temperature of 800°C for 10 minutes by filament radiation and electron
bombardment from the backside in a sample holder. The residual oxide and hydrogen were
removed by the heat treatment. After cleaning, RHEED displayed a 2x1 pattern typical of the
Si(001) reconstructed surface. Titanium was deposited in situ from the hot-filament titanium
source in the PEEM chamber onto the cleaned sample which was held at room temperature or a
temperature of 950°C. The titanium layer thickness was 3-12 monolayers (ML) with a
deposition rate of IML/20S. To observe the Ti silicide island formation process, the substrates
were annealed in UHV from 100°C up to 1200°C in 100°C increments for intervals of 10

minutes.

The PEEM images were displayed with a microchannel plate and phosph>or screen
installed in the PEEM which was monitored with a CCD camera. The images were
simultaneously stored digitally with an image processor and on video tape. Image acquisition
was obtained with a real-time image processor (DSP-2000) which is capable of integration of up
to 128 single frames. For the datg presented here, sixteen successive images were integrated.

The resulting images correspond to a signal integrated over 16/30™ of a second. After the




substrates were unloaded from the PEEM, ex-siru AFM and SEM were performed to compare

the surface morphology.

RESULTS

Initially, we monitored the surface morphology and the Ti silicide island formation
processes while titanium is deposited on a clean Si(001) substr‘ate followed by annealing to
1150°C. The PEEM images showed the overall surface of the Si as bright for the as-loaded
wafers which became uniformly dark after the heat cleaning. The results suggest that the photo-
threshold of the oxide terminated and the cleaned surfaces are below and above cut-off energy of
Hg lamp(5.1eV), respectively. After Ti deposition of 10ML on the clean surface, the image is
uniformly bright as the whole surface Was covered uniformly by titanium (the WF of Ti is
~4.4eV). During annealing up to 700°C, the images of the surface did not change but grew
darker. The darker surface indicates that the Si from the substrate has diffused into the overlayer
of Ti, and a Ti silicide phase has formed. Our previous study showed Ti silicide island formation
at this temperature [6]. One possibility to explain these inconsistent results may be that the

photoelectron yield is too low to image the small islands. However, as shown in Fig. 1 separated

TiSi, islands were observed after annealing at 1000°C. The image contrast originates from the

photo-threshold difference between TiSi; (~4.6eV) and Si ( >5.1eV).




Fig. 1 shows a sequential PEEM image of the TiSi, island formation sequence as the
substrate is held at 1150°C for 15 minutes. Initially, similar sized islands are distributed

uniformly and completely separated (Fig. 1-a). As the annealing time increases, the average size

of the islands increases gradually, and the number of islands decreases (Fig. 1-f). Fig. 2 shows
that the number of islands decreases for longer annealing time. The data is fitted with an
exponential. Examination of islands highlighted by the circles in Fig. 1(b)-(e) indicates a
coalescence growth I;rocess. The islands, with substantial thermal energy, diffuse on the surface.
In this sequence, close islands are observed to combine with each other and transform into larger
islands. The triangles in Fig. 1(c)-(f) display another island growth process. The large islands
grow larger while the small islands disappear. This is characteristic of ripening integrated by

surface diffusion.

Ex-situ AFM measurements of the same sarﬁple also display a uniform lateral and
vertical size of the islands (Fig. 3). The average lateral size of the islands is ~500nm and the
height is ~200nm. In comparison with our previous study (diameter 'of island: 50nm, height:
5nm) [4], the islands are larger and are separated by greater distances. This difference is
attributed to different growth conditions (increased Ti thickness and higher aﬁnealing
temperature). The SEM measurements also show a similar island distribution. The shape of the

islands could be observed by tilting the sample be 60°[Fig. 4]. The larger islands are observed to

be flatter than smaller ones. An interesting aspect of the shape of islands is the bump of Si under
each island [Fig. 4-a]. This shape may be influenced by the high electric field of ~107 V/m

between the sample and cathode lens of the PEEM.

To monitor the island formation during deposition at an elevated temperature, 3-12ML of
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Ti was deposited continuously at a temperature of 950°C (Fig. 5). It was observed that the
growth mode of the Ti silicide at the high temperature is 3d-island growth (Volmer-Weber
mode). Also, more dense and smaller islands were formed compared with Ti deposition
followed by annealing at the same temperature. The density and average size of the islands did
not increase even though the Ti thickness increased. However, islands next to each other
coalesced as the deposition thickness of Ti inqreases. Iﬁ order»to observe the motion and
coalescence of these islands, it would be necessary to obtain images with higher magnification.
Unfortunately, the low intensity of the electron emission from these samples limited the

magnification of the PEEM.

We observed another image contrast mechanism with the sample at high temperature.
During annealing at ~1100°C, the image of the Ti silicide islands could be obtained without the
UV-light. Furthermore, the overall brightness of the image was enhanced with' increasing
temperature (compare Fig. 1 with Fig. 5). A sample heated to a sufficient temperature will emit
thermionic electrons. T hese electrons will also be imaged in the PEEM. Thus, strictly speaking.

PEEM over a range of temperatures utilizes the processes of both photoemission and thermionic

electron emission.




DISCUSSION

Consider the growth processes of Ti silicide islands at high temperature (Fig. 1). Previous

studies have explained the island formation in terms of the surface and interface energies of the
structures [4-6]. Here we suggest two possibilities to account for thé increasing size of the
islands and the decreasing density obtained at the higher temperature annealing. One growth
process is island coalescence (the circle in Fig. 1 (b)-(e)). After the islands are grown epitaxially
(facetted islands) by annealing at high temperature, substantial thermal energy could allow the
islands to diffuse on the surface. Finally, the islands grow together upon when they come into
close proximity. The other growth process is island ripening (the triangle in Fig. 1 (c)-(f)). Itis
characterized by a local interaction between two neighboring islands of slightly different size.
Thermodynamically each island grows and disintegrates with the same probability. Due to the
difference in island circumference, the larger islands grow at the expense of smaller islands.
Both growth processes may reduce the surface-to-volume ratio of the employed system and

result in a minimization of the total surface energy.

For the case of continuous deposition of Ti at high temperature (Fig. 5), we observed
another mechanism of island formation. At the earliest stages, Ti silicide island initiation is a
spatially random process. The spatial distance between the islands is too far to interact ny the
island-induced strain fields. Further deposition results in strain field overlapping caused by the
dense and la_rge islands. The adatorps on surface between the islands are preferentially adsorbed
by larger islands. Furthermore, ‘at the late stages, continued deposition allows the islands to grow

together. This is another coalescence mechanism of island growth. The islands remain relatively




in place because of the lower temperature. However, with continuing deposition these islands
grow larger at the perimeter of the islands. The islands coalesce when their perimeter lines touch
each other and grow together. This process of coalescence can be referred to as static
coalescence, compared with the dynamic coalescence process of the high temperature annealed

samples [7].

Small islands (~30nm diameter) were not observed, even though our PEEM instrument
has a high resolutioﬁ capability of ~10nm. Regardless of the aberration of lens, the image
resolution is limited by the emission current density. The emission current density depends upon
the quantum efficiency (emitted electrons per incident photons) of the surface and the photon
flux density of light source. We can estimate the photon flux and the current density required for
imaging an island of ~ 10nm. A current density of > 1.6 x 10 A/ecm? is required to observe the
islands of ~10nm. Given a quantum efficiency of ~ 10 range as an average of many materials
(pure metal : > 10%), the desired photon flux could be ~10* photons/sec-cmz. The photon flux
of the Hg discharge lamp is several orders of magnitude lower than this(~10'* photons/ sec-cm®).
Therefore, a higher intensity UV source will improve the imaging of smaller islands.
Secondarily, chromatic aberration, which is caused from a spread in the velocity of the emission
electron, blurs the image resolution. If a photon source with a small energy spread would be
tuned to just above the work function of Ti silicide (~4.6eV), better image contrast of the Ti
silicide islands should be achieved. If we can use an intense tunable light source with a narrow
energy distribution, we may observe small Ti silicide island formation and dynamics. In the
future, as we combine our PEEM with the UV-FEL at Duke University for a light source (the
photon flux: >10%/sec-cm?, energy range: 3-10eV, energy reéolution: AE/E > 10*), we anticipate

real time imaging of surface Dynamics at the 10nm resolution limit of the PEEM.




CONCLUSION

In this study, we have used PEEM to observe the formation and real-time dynamics of Ti
silicide islands on Si (001). Similar sized and relatively uniformly separated islands were
observed for Ti deposition followed by annealing or Ti deposition at high temperature. Both
growth processes of coalescence and ripening contribute to large island growth for high
temperature annealing. For continuous deposition of Ti, the island growth process is
characterized as static coalescence. In the future, PEEM combined with a high intensity and
tunable UV-FEL should promise observation of small island formation (~10nm) and real time

surface dynamics.
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Fig. 1 PEEM images of 10ML Ti deposition followed by annealing at 1150°C for (a) 1min

(b) Smin (c) 9 min (d) 10min (e) 11min (f) 15min. The islands (in the circle) coalesce and grow
larger. The field of view of each image is 20um. All images were obtained in situ, real time
with the sample at the annealing temperature. The image shift is due to specimen drift at the

elevated temperature.
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_Fig. 2 The number density of islands observed at 1150°C as a function of annealing time




Fig.3 A 20 x 20 pm® AFM 3D-rending image of 10ML Ti deposition, annealed at
1150°C

SKU X78.B880 27m

Fig. 4 SEM micrographs of TiSi, islands, showing the different shape and size of island.

The sample was tilted 60° with respect to horizon.
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Fig. 5 PEEM images of Ti silicide islands formed with continuing deposition at 950°C.
Ti deposition thickness is 3, 6, 9, 12ML for (a) through (d), respectively. All images

‘'were obtained after cooling down at room temperature. Field of view of image is 20um.
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