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I. AIN/GaN Superlattices Grown by Gas Source Molecular

Beam Epitaxy

A. Introduction

Commercialization of light emitting optoelectronic devices in the previous

decade stimulated considerable interest in those III-V nitrides which possess a direct

energy gap in the UV region of the spectrum. A comprehensive review regarding the

thin film and optoelectronic research in GaN prior to 1988 has recently been published

[1]. Depositions of AIN and AlGaN have also been studied [2,3].

Bandgap engineering in the range of 3.4-6.2 eV can be achieved either by solid

solutions or by superlattices of GaN and AIN. The latter are favored for several

reasons. As has been shown for the GaAs/GaAlAs system [4,7], optoelectronic

devices using multi-quantum well structures instead of heterostructures exhibit lower

threshold current density, lower non-radiative recombination rate, narrower emission

spectra and reduced sensitivity to temperature. The lattice parameter mismatch

between AIN and GaN is only 2.5%, thus layered structures of these two materials

offer a way of producing high quality, low dislocation density GaN- and/or AIN-based

materials and devices. To our knowledge, superlattices of these two materials (or any

other wurtzite semiconductor) have not been produced prior to this investigation.

These are also the first semiconducting superlattices exhibiting band discontinuity

well above 1 eV.

The following sections describe the procedures used to deposit and

characterize the layered structures as well as detail the results and conclusions of this

research.

R. E:perimental Procedures

The growth system was a modified Perkin-Elmcr 430 MBE system. Standard

effusion cells were used for the evaporation of Ga and Al, while the nitrogen was

activated in a small, MBE compatible, ECR plasma source 181.



The growth studies were conducted on (0001)-oriented a-SiC (6H polytype)

and (0001) oriented epitaxial quality sapphire substrates, both of which have a

hexagonal structure. All substrates were chemically cleaned and thermally desorbed

in the vacuum at 900'C prior to the introduction in the growth chamber. All

superlattices were grown under the same conditions, which are summarized in Table I.

TABLE I. Experimental conditions for the deposition of GaN and AIN
by gas-source MBE

Nitrogen pressure lxl0- 4 Torr
Nitrogen flow rate 4-5 sccm
Microwave power 50 W
Nitrogen ion current density
at the substate 150-200 gAcm-2

Substrate temperature 6000 C
Growth rate:

GaN =2.5 nm/min
AIN =1.6 nm/min

GaN buffer layer thickness 140 nm
Period thickness 1.5-40 nm
Number of periods 20-200
Total growth time 6-7 hrs

Scanning Auger microprobe (SAM) (JEOL JAMP-30) analysis was used to

determine the presence of impurities and the nominal compositions of the AIN and

GaN layers. The superlattices were subsequently analyzed by x-ray diffractometry

using CuKb to determine layer period and the crystalline quality of the films.

Transmission electron microscopy (TEM) (Hitachi H-800) and high resolution

microscopy (HREM) (JEOL 200CX) were used for further analysis. Cross-sectional

TEM specimens were prepared using standard techniques [9]. The luminescent

properties of the samples grown on a(6H)-SiC were examined by

cathodoluminescence. The spectra were taken at 77 K in the wavelength range of 200

to 800 nm using the excitation electron beam energies of 7 keV.
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C. Experimental Results

1. Chemical Analysis

Figure 1 shows an Auger depth profile taken from a sample with 20 AIN/GaN

double layers. The layers of each material were 10 nm thick. The profile indicates well

dcfined !ayer.. The spectra indicate nominal AIN and GaN compositions and some

mixing of Ga and Al in the AIN and GaN layers, respectively. A small amount of

interfacial mixing may be present; however, the Auger data exaggerate this

phenomenon because of insufficient depth resolution. This resolution in the sputter

Auger technique depends on the escape depth of the Auger electrons (=5 nm) and the

depth resolution of the sputtering process (also =5 nm). For both reasons was the

instrument's depth resolution in this study in the same range as the layer thickness.

The fact that the Auger depth profiling exaggerates interlayer mixing for very thin

layers can be proven by examination of the TEM results (see below) which show well

defined layers even at a thickness of only two monolayers.
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Figure 1. Auger depth profile taken from a sample with 20 AIN/GaN double

layers. The layers of each material were 10 nm thick.
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2. Structural and Microstructural Analyses

X-ray Analysis. Figures 2(al-a3) show the evolution of the diffraction peaks

as a function of decreasing AIN/GaN bilayer periodicity, P, which is given as:

P = tA1N + tGaN, (1)

where tAIN and tGaN are the respective thicknesses of the individual layers of AIN

and GaN. Each spectrum shows the (0002) diffraction peak from the GaN buffer layer,

the zero order superlattice peak (marked "0") which represents the average vertical

lattice parameter of the superlattice and the associated satellite peaks (marked from

-4 to 3). The fact that the GaN and the zeroth-order superlattice peaks do not coincide

shows that the superlattices are sufficiently thick to be structurally independent of the

GaN buffer layer. As such, the lattice constant in the structure is characteristic of the

superlattice rather than the substrate. The biaxial strain is shared between the GaN

and the AIN layers, as the GaN layers are biaxially compressed and the AIN layers

are biaxially dilated.

Since the buffer layer peak is superimposed on the superlattice peaks, it makes

the diffraction from the superlattice unclear. As such, each spectrum in Figures 2(al-

a3) was fitted with a sum of Lorentzian peaks followed by the subtraction of both the

buffer layer peak and the overall background. This allows the evolution of the peaks

with the change in superlattice period to be more easily observed. The resulting

spectra are shown in Figures 2(bl-b3). In this latter set of spectra, the x-ray

intensities are plotted as a function of 2/c, where c is the lattice parameter

perpendicular to the superlattice. This is convenient for measuring theparameters P,

tAIN, tGaN, CGaN, and CAIN directly from the spectra. A representative diffraction

spectrum having marked parameters characteristic of a superlattice produced in this

study is shown in Figure 2(bl).

Figure 2 (bI) shows two almost completely separated sets of superlattice

peaks, each of which represents one of the two materials. The center of the GaN

4
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Figure 2. (a) X-ray diffraction spectra of the samples with different periodicities.
Each pattern is characterized by the (0002) peak from the GaN buffer
layer (marked by "GaN buffer") and a zero-order peak from AIN/GaN

layers at 20 = 320 (marked by "0") with satellite peaks around it. An
angular spacing, D2q, of satellite peaks and a calculated bilayer period,
P, is given for each spectrum. (b) Diffraction spectra after the
subtraction of the GaN buffer layer peak and the overall background.
Figure (bl) illustrates the use of the spectra for the determination of
different parameters (see text).

envelope coincides with the GaN buffer layer peak. This indicates that both have the

same vertical lattice spacings. Since the center of the AIN envelope also appears at

the same angular position as one would expect for the (0002) peak of bulk AIN, this

indicates that individual layers at this period have unchanged vertical lattice

parameters and thus are relaxed with respect to each other.
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As the period decreases, the positions of the envelopes change. This is

believed to be related to the biaxial lattice distortion due to elastic strain. In

Figure 2 (b2) both sets of peaks begin to overlap, and the exact positions of the two

envelopes become less obvious. As one moves toward even shorter periods the two

envelopes can no longer be resolved. As a consequence of shorter periods the number

of observable satellite peaks decreases. Figure 2 (b3), which represents the

diffraction spectrum of a superlattice with P=2 nm, shows only the zero-order

superlattice peak which is located approximately midway between the expected peaks

for pure AIN and pure GaN. The peak corresponds to an interplanar spacing of

0.252 nm, which is intermediate between the spacings of the (0002) planes of AIN

(0.249 nm) and GaN (0.258 nm) and represents the average spacing of the (0002)

planes in the superlattice. Satellite peaks for this sample are out of the range of the

scan, and are expected to be at =28' and -36'. As noted above, TEM results show a

well defined layered structure; thus, there is no reason to believe that this peak arises

from the homogeneous mixing of the two materials.

According to the diffraction results, the transition between the relaxed and

strained structures occurs at a layer thickness between 6 and 8 nm. This is in good

aLreement with the calculated value of 7.5 nm as the critical thickness using the

method of Matthews and Blakeslee [10]. In order to more accurately determine te

critical thickness, the reflections from the planes with mixed indices (for example

(1011)) should be studied.

Transmission Electron Microscopy. The periodicities calculated from the x-ray

spectra were confirmed by the TEM images. Discrepancies between the two methods

were found to be less than 5%.

Figure 3 shows a TEM image of 20 nm thick layers of AIN and GaN grown on

(0001) a(6H)-SiC. GaN layers are dark and those of AIN are light. Layers are well
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defined anid have tew structural defects. The (01 10) diffrrction pattern (inset), taken

from the layered structure, confirms the monocrystalline nature of the film.

1.r 3. Al N/GaN sUperlattices grown on a(61-1)-SIC. The thickness of the
in1diVidual layers is 20 in. Iniset shows ain electron diffractien pattern of

this superlattice (zone axis (0110)), which confirmes the crystalline

fi% contrac:t, StruLctUr1CS (gro~n on sapphire showed a colUT1nar1 structure with

a ,ht isort e t at on. II owcvyer. l av~ers of the two materials within i ndiv idutal

ali:sare we .1 de lined, and no iiisfit dislocations or other detects have been

:<i 'or Iersthinncr than 7 urin. Fven the structUre conta'in 0.5 nnm thick AIN

-~ ~ c 'li~~\ rs2(1 I i thic (aN laiyers (4 nionola\''rs), shown in Figure 4.

\ C[\200( Collpok'Ilona: cont'ast.



f i,,:re 4. AIN/(;aN superlattice grown on sapphire. The thickness of AIN and
GaN layers is 0.5 rim and I rim, respectively.

* pi c:t I Chlir'jCt,,r1zat ion

The handgaIp differeneeO between AIN and GaN is 2.8 eV. Thus layers of theste

1 mmA I produce lmost one order of imgnitude larger band discontinu ities than

lc! Ie\c in AlM(a As or- I nGnA s systems. As such, AIN/GaN super attices may

~m viesom~e interesting, in si h s regarding the behavior of electrons and holes. For

cviiipc.they have the potential of providing several well-separated confined

Staltes.

Two dliffer' nt cases wer-e exalmined: 1) the emission eneCrgy Shift as a function

o'F the Inyc r thicknme ss '' t h the thicknesses of the C aN and AI N I avers maintained

I- l- tA!N = = ]J an"d 2) the emission ei,,erg ,y shift as a function of the

,:rrr (A N ) t Ii c kness,. while lie well ( a N) thick ness was marintai ned con stant at

I[he: a I (me d err er \ ha rids for thle ,eIectrons in the conduction band atnd for the

!11 en\eAhand in the superlatrice were caculated uIsing a one-dimnienJonaI



Krbnig-Penney model [11]. According to this model an electron or a hole can occupy a

particular energy state in the superlattice only if the follcwing is true:

1 1

1 >COS[tl (2 mE)2] cosh [t2(2m(V-E))2] +

I c

+ ( V _ )2(2- )sin [tl(2mE)2] sinh[t2(2m(V-E))2]
[

In this expression is E the energy of the electrons (holes), V the barrier height

(band discontinuity), m the effective mass of the carriers, 1f is Planck's constant

divided by 2p, and ti and t2 are the well and barrier widths, respectively. Since there

are no accepted values for the effective masses of the electrons and holes in either

AIN or GaN, the average values of the available data were used [12]. The effective

mass of the electrons was taken as 0.2m, and that of the holes as 0.8mo.

A conduction and valence band discontinuity was determined by iteration to

provide the best fit to the transition energies observed by cathodoluminescence. The

best fit was obtained when one half of the total bandgap discontinuity (1.4 eV) was

assigned to the conduction band and one half to the valence band. The total bandgap

discontinuity was calculated as the difference between the bandgaps of AIN and GaN.

Because of the lack of data on the mechanical properties of semiconducting nitrides,

the effect of the biaxial strain on the bandgap shift could not be included in tae

calculation, although it is expected to have a considerable influence on the bandgap of

both materials.

The shaded areas in Figure 5(a) represent the lowest four calculated energy

bands for the electrons in :he conduction band and the holes in the valence band as a

function of the individual layer thickness. The thicknesses of the AIN and GaN were

considered equal in these calculations. The lowest transition energy in the superlattice

at a particulr layer thickness is obtained as the distance between the lower edge of

the first energy band for the electrons and the upper edge of the first energy band for

9



the holes. The arrows indicate the transitions in the structures with 1, 3, and 10 nm

thick AIN and GaN layers. The different lengths of the arrows correspond to the

emission energies observed by cathodoluminescence. The luminescence spectra for

these three structures are shown in Figure 5(b). The spectra show sharp and well

defined peaks with the energies above the bandgap of GaN. The width of the peaks

increases with the layer thickness as the superlattice makes a transition from the

pseudomorphic to a relaxed structure. The measured and calculated transition

energies for these superlattices are collected in Table II.

5.0 ---- - - Energy [eV ]
4.5 

4.6 3.1

Layer Thickness

4.0 1m

3nm

5 3.5 ........ .n.r
Ga~cb 40v

I l0)

... ... ...............
-0.5 - i

-1.0
-1.5 40

0 2 4 6 8 10 300 400

Layer Thickness [nm] Wavelength [nm]

Figure 5. (a) The lowest four calculated energy bands for the electrons in the
conduction band and the holes in the valence band as a function of the
individual layer thickness while the thicknesses of the AIN and GaN
were kept equal. The arrows indicate the transitions in the structures
with 1, 3, and 10 nm thick layers, whose cathodoluminescence spectra
shown in Figure 5(b).
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II

TABLE II. Calculated and measured transition energies for
different layer thicknesses

Layer thickness Ecalculated Emeasured DE
[nm] [eV] [eV] [meV1

1 4.29 4.11 180

3 3.64 3.47 170

10 3.42 3.42 -0

The shaded areas in Figure 6(a) represent the lowest two calculated energy

bands for the electrons and the lowest three energy bands for holes as a function of

the barrier width at a constant well width of 1 nm. The arrows again indicate the

measured transition energy of a particular structure. The measured luminescence

I spectra for 0.5 nm and 1 nm thick barriers are shown in Figure 6(b). Tile calculated

and measured energies are summarized in Table III.I 5.0 // ,,/// '/" Energy [eV]
AINcb  4.6 3.1I

Barrier Thickness
i. ~~4.0 ,.-

0.SnmI 3.5> 3.5 ------ . ........ _ aN b

4)
I "-

C GaNvb r

wU 0 ---- ........

-0.5

-1.0 - . / k. .-
~AINvb

0 o 5 10 15 300 400

Barrier Thickness [nm] Wavelength [nm]

Figure 6: (a) The lowest two energy bands for the electrons and the lowest threeI energy bands for the holes as a function of the barrier width at a
constant well width of I nm. The arrows indicate the measured
transition energy of a particular structure. The measured luminescenLeI spectra for 0.5 nm and I nm thick barriers are shown in Figure 6(b).
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TABLE III. Calculated and measured transition energies for
I different barrier thicknesses.

Layer thickness Ecalculated Emeasured DE
[nm] [eV] [eV] [meV]

0.5 4.19 3.93 260

1.0 4.29 4.11 180

I An examination of both tables reveals the following information: 1) The highest

transition energy shift observed in this study was above 700 meV and occurred in the

superlattice with 1 nm thick barriers and wells. 2) The emission energy shift for the

superlattice with 0.5 nm thick barriers was slightly lower than the previous value

because of better coupling between adjacent wells (higher tunneling probability due to

thinner barriers). 3) There exists an energy offset between the calculated and

measured values, which was in the range of experimental error for 10 nm thick layers

and increased to 170 meV for thinner layers and even up to 260 meV for superlattices

with the thinnest barriers.

The reasons for the observed offset can be several. 1) There exists a

possibility that the values for the effective masses used in the calculation are not

accurate. For example if the effective masses were larger, one would obtain lower

theoretical values for the transition energies and, as such, a lower offset as well.

2) The lattice mismatch between AIN and GaN produces strain, which induces

bandgap shift in both materials. This shift is expected to be rather high for the

materials with 2% misfit (i.e., in the range of =100 meV) [13]. 3) Interfacial mixing of

Al in GaN and Ga in AIN in the monolayer scale could significantly change the

transition energy in superlattices having individual layers only a few monolayers thick.

The offset for the moderately thin layers (1 and 3 nm) seems to be fairly

constant (180 and 170 meV), which would not be the case if only an error in the

effective masses were in question. The fact, that the offset is negligible for thick layers

12



(layers above the critical thickness, which are relaxed with respect to each other) and

3 almost constant for the layers below the critical thickness (which are biaxially

strained) implies a connection between the strain induced bandgap shift and the

I observed offset. As such, the luminescence data could be a rough indicator of whether

3 a layered structure is pseudomorphic or not.

The offset for the superlattices with two monolayer thick barriers is even larger

than that of the superlattices with moderately thin individual layers by an additional

90 meV. This jump, which could not be induced by the strain, is most likely the

consequence of interfacial mixing, which lowers the barrier height and, as a

consequence, causes a decrease in the transition energy. A more sophisticated model,

which would include bandgap shift due to elastic strain and also assume one

monolayer of interfacial mixing is expected to give much better agreement between the

experimental data and theory.

D. Summary

Growth and characterization studies of A1N/GaN layered structures have been

conducted using a modified gas source MBE technique. Layers as thin as two

monolayers have been grown. X-ray and TEM results revealed strained material (no

misfit dislocations at the interfaces) for layers thinner than 6 nm and a completely

relaxed structure for layers thicker than 10 nm. Cathodoluminescence studies showed

a transition energy shift as high as 700 meV due to the quantum size effect. There

exists a constant offset of 170 meV between the experimental and calculated values.

Since this offset is preseni only for the pseudomorphic structures, it has been related

to the strain induced bandgap shift of the two materials.

13



II. Luminescence and Lattice Parameter of Cubic Gallium
Nitride

A. Introduction

Because of its wide direct bandgap of 3.45 eV and the large predicted electron

drift velocity [14], GaN has the potential for near ultraviolet (NUV) and, with the

application of suitable dopants, also for short wavelength visible optoelectronic

devices as well as transit-time-limited electronic devices.

The wurtzite (w) polytype of GaN has been grown by numerous investigators

using various substrates and deposition techniques. However, the primary limitation

of high n-type conductivity and the associated inability to achieve p-type character has

been universal in the as-grown films. Pankove [15, 16] speculated, that one might be

able to surpass apparer.:ly inherent problems of GaN by producing the metastable

cubic phase, although there is no fundamental argument for that.

Cubic (c) GaN has been previously reported in the forms of cubic dendrites on

the hexagonal phase [17], nearly epitaxial films on (100) GaAs [18], and epitaxial

films on (100) b-SiC [19], (0001) sapphire [20], (100) MgO [21] and (100) GaAs

[22]. Previously reported values of the lattice parameter ao were between 0.450 and

0.455 nm [19-23]. Bandgap and the band structure for cGaN was theoretically

predicted by Pankove and Bloom [24]. These calculations used a composite of factors

known for hexagonal GaN and for other zinc-blende semiconductors such as GaAs.

The resulting value was 3.4 eV, which is essentially that of the hexagonal phase.

From the analogy of cubic and hexagonal forms of SiC, which is considered a similar

material, one would expect cGaN to have a more narrow forbidden gap than the

wurtzite polytype. A considerably lower experimental value of 3.28 and 3.30 has been

reported for the room temperature bandgap based on luminescence [25] and

absorption [21] measurements, respectively.

14



B. Experimental Procedure

Cubic GaN thin films were grown by a modified gas source molecular beam

epitaxy (MBE) technique in the range of 550-650'C. The precursors were metallic Ga

and ultra high purity N2 . A standard effusion cell was used for the evaporation of the

Ga, while nitrogen was activated/dissociated in a microwave glow-discharge or in an

electron cyclotron resonance (ECR) plasma source [26]. Cubic (zinc blende) P-SiC,

(100) orientation, chemically vapor deposited on (100) Si wafers, was used as the

substrate. The lattice parameter of P3-SiC is 0.436 nm, which is only =3.5% less than

one would predict for cGaN using known values for tetrahedral radii. The growth

apparatus and procedures, substrate deposition and surface preparation, as well as

the results of chemical and structural analyses of the cGaN films are described in

detail in Ref [20].

The in-situ chemical analysis reported below was conducted using X-ray

photoelectron spectroscopy (XPS) situated in an UHV chamber connected to the MBE

system. X-ray diffractometry, and photo- (PL) and cathodoluminescence (CL) were

performed ex-situ. A Philips x-ray diffractometer was utilized for diffraction

measurements. Silicon and SiC peaks were used for the calibration of the angular

positions of the GaN peaks. Photoluminescence was performed with an Ar + laser

(Spectra Physics 2035) tuned to =300 nm. Emission from cathodoluminescence was

achieved by 5 keV excitation.

C. Experimental Results

The in-situ XPS results did not reveal carbon or oxygen contamination within

the resolution of the instrument (typically 0.1%), as shown in Figure 7. This is in

contrast to the results reported for the chemical analyses of our initial GaN thin films,

thus the contamination observed previously [20] originated mainly from the exposure

I of the films to the atmosphere, prior to the analyses.

15
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Figure 7. In-situ XPS spectrum of as-grown GaN. Film shows no surface
contaminants within the resolution of the technique. The unlabeled low
energy peaks are Auger peaks.

From the x-ray data the lattice parameter of cGaN was determined to be

0.451 nm, which is in good agreement with calculated and previously reported values.

The resulting x-ray diffraction spectrum is shown in Figure 8. This spectrum also

supports the previous analysis [19] regarding the achievement of epitaxial growth, as

I indicated by the parallel (200) directions of the film and substrate (if they were not,

the same low index peaks of the film and substrate would not be observed).

The bandgap determined from the room temperature PL data of wGaN was

I =3.44 eV, in agreement with previously reported values. The measured bandgap of the

cGaN showed a considerably lower value: 3.28 eV at room temperature and 3.31 eV

I at 80K. Photoluminescence revealed a broad featureless peak. The full width at half

maximum (FWHM) was 30 nm or 0.13 eV. The high peak width is believed to be

caused by the strain due to defects piled up at the heteroepitaxial interface (i.e.,

dislocations, twin boundaries) [27]. Thus GaN does act similarly to SiC in that the

bandgap for the cubic phase is more narrow than that for the hexagonal polytype.
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Figure 8. X-ray spectrum of cGaN grown on (100) P-SiC on Si. Silicon (200) and

SiC (200) lines were used for calibration. The lattice parameter of cGaN
was determined from these results to be 0.451 nm.

The cathodoluminescence (CL) of a cGaN epilayer at 15K showed a cluster of

peaks with a high energy shoulder at =3.33 eV, as shown in Figure 9. A perusal of

that cluster shows that it consists of five peaks. The four low energy ones are

energetically equally spaced. Their spacing was measured, assuming a Gaussian

shape for each of them, to be =50 meV; their FWHMs -45 meV. It is believed that the

Iequal spacing arises from phonon interactions and, as such, the low energy side of the

observed cluster consists of a zero phonon peak centered at 3.29 eV and three phonon

replicas. The exact nature of the high energy peaks located at 3.33 and 3.29 eV is not

known, however, it is believed that they originate due to band-to-band and impurity-

to-band transitions, respectively.

IThe energy of the observed phonons is about 20% lower than the TO phonon

energies in wGaN and only half of the values measured for LO phonons [28]. Since

data on phonons in cGaN do not exist, a direct comparison could not be made. A

Iconcise study of Raman scattering in cGaN should be conducted.
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Figure 9. The edge emission of the cathodoluminescence at 15K from a cGaN

epitaxial film. The cluster consists of five, in energy equally-spaced
g peaks. The spacing is =-50 meV, and the arrows denote their positions.

D. Summary
i The first photo- and cathodoluminescence results obtained from single crystals

~of the cubic phase GaN have been reported. The bandgap of cGaN was determined to

be 3.33 eV at 15K and 3.28 eV at room temperature, which is 140 and 160 meV lower

than respective values for the wurtzite phase. The edge emission of

cathodoluminescence at 15K showed a cluster of five equally-spaced peaks. This is

believed to be caused by phonons with an energy of =50 meV. The lattice parameter of

0.451 nm was measured by X-ray diffractometry.
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III. The Effect of Electron Beam Irradiation on Mg Doped GaN
Thin Films

A. Introduction

Numerous groups have deposited GaN epitaxial thin films [29,30]. However a

particular challenge has been the production of p-type material which would allow p-n

junctions and GaN-based optoelectronic devices to become a reality. The only devices

made to date in this normally n-type material have been metal-insulator-

semiconductor (m-i-s) structures, with heavily compensated GaN "i" layer containing

up to 1022 cm-3 of the acceptor dopants of Zn or Mg.

Recently Amano at al. [31,32] observed a dramatic increase of the intensity of

the emitted light with time while performing cathodoluminescence measurements on

Mg-doped GaN films. Subsequently they found that the resistivity had also increased.

Moreover, with sufficiently long electron beam irradiation, the material became p-type

and the resistivity decreased. Their films were grown by an organometallic route at

1040'C. The same authors observed similar behavior in Zn-doped GaN thin films [331.

Structural properties remained unchanged after the treatment as was confirmed by x-

ray diffraction. However, the mechanisms involved are not yet understood.

The following sections describe the results of similar experiments conducted at

NCSU.

B. Experimental Procedure

Magnesium-doped GaN films were deposited on monocrystalline (0001)

alpha(6H)-SiC wafers using a modified gas source molecular beam epitaxy (MBE)

technique. Effusion cells were used for the evaporation of metallic gallium and

magnesium, but a unique, MBE compatiblc, ECR plasma source [34] was used to

activate/dissociate molecular nitrogen prior to deposition. The deposition system as

well as the predeposition treatment of the substrates have been described previously

[351.
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Magnesium-doped GaN films having a thickness < 0.5 .m were deposited in

I the range of 600-700'C on bare or undoped GaN-coated a-SiC wafers. The undoped

layers were about 0.3 tm thick. The doping levels were determined by secondary ion

Imass spectrometry (SIMS) using a Mg implanted GaN reference standard. The

implantation energy and the dose for the standard were 50 keV and 3x10 15 cm-2 ,

respectively.

Two different arangements were used for the post-growth electron beam

irradiation of the films: 1) a 10 kV RHEED gun, placed in one of the ports normally

used for an effusion cell on the MBE, and 2) a scanning electron microscope (SEM).

The same electron beam energy of 10 keV, was employed; however, the spot sizes,

raster areas and the irradiation times were different from that used with the RHEED

gun. Table IV shows the parameters for both cases.

Table IV. The parameters of the electron guns used for the
post-growth irradiation.

Electron gun RHEED SEM
Electron energy [keV] 10 10
Spot size [dia-pgm] 1000 0.2
Electron current [mA] 200 2
Electron current density
[mA/cm2 ] 2.5x10 4  1.6x10 9

Raster size [cm 2] 4 1
Irradiation time [hrs] 4-15 1-6

Current-voltage (I-V) measurements were conducted before and after selected

periods of irradiation using a mercury electrical probe. The diameters of the ohmic and

rectifying contacts were five and one mm, respectively. Thermal probe measurements

were also performed.
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C. Results and Discussion

The low temperature growth produced chemically abrupt junctions between the

doped and undoped regions of GaN at all temperatures. Figure 10 shows a SIMS

depth profile of a 0.6 ptm thick GaN film grown at 600*C. The top 0.45 PM of the film is

Mg-doped. Clearly, the diffusion of Mg into the undoped GaN was insignificant during

deposition. The Mg atomic concentration levels in the several doped layers were in

the range of 1020-1021 c:7 3.

At/Cer3

I E22

IE21

IE20M

IE1g

1E18

1E 7 I I I I
.2 .4 .6 .8 1 1.2

Depth (Micrometoro)

Figure 10. SIMS depth profile of an GaN p-n junction. Mg concentration in the p
layer is =6x 1021 cm 3 . Note: concentration scale is for Mg only.
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The resistivity of the doped samples increased significantly (a few orders of

magnitude) after electron beam irradiation in the SEM. Several samples became p-

type, z confirmed by the I-V and thermal probe measurements. Figure 11 shows the

change in the I-V curves obtained from a Mg-doped sample after four consecutive one

hour LEEBI treatments. Resistivity clearly inc.eased with 'he irradiation time, and the

process appeared to be additive. The curve asymmetry also changed the exposure

time. The n-type materiai is expected to exhibit a larger absolute current with positive

Hours of E-Bearn
50 Irradiation

-0

------12
2

-------- 3
I-....... 3S..o°

-so ' 'o.

0

U [V]

Figure 11: I-V curves of a Mg-doped GaN film before and after three consecutive
ore hour electron beam irradiations.

than with thL same magnitude of negative bias. The opposite is true for p-type

material. An apparent changc in the symmetry of the I-V curve was observed for a

065 prn thick sample with a Mg concentration of 8x10 20 cm-3 . The I-V curve is shown

in Figure 12. The irradiation time was three hours.
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I A similar procedure performed in the growth chamber using the RHEED

electron gun did not produce any significant changes in the electrical properties of the

Mg-doped material even after 15 hrs of irradiation. Although the electron energy from

the RHEED gun was similar to that used in the SEM, the spot diameter and electron

beam current were different. This difference resulted in almost five orders of magnitude

lower electron current density. Thus the electron current density is an important factor

in the activation process of dopants via LEEBI in GaN. It has no effect unless a

threshold current density has been achieved.I
20
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Figure 12. I-V curve of a Mg-doped and LEEBI treated GaN thin film. The
irradiation time and Mg concentration were three horrs and 8x10 20 cm-3,
respectively.

Several Mg-doped GaN samples clearly showed p-type conductivity, as

U confirmed by I-V and thermal probe measurements. However, a clear dependence of

electrical properties on the irradiation dose was not observed. Moreover, separate
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irradiation procedures on the different parts of the same wafer did not yield the same

changes in the electrical properties. One of the reasons for this inconsistency (maybe

the only one) was probably the poor stability of the electron gun used for the

irradiation.

Although Amano at al. 3 observed no change in resistivity after the LEEBI

treatment of undoped GaN, the resistivity of our undoped samples slightly increased.

However the effect was much smaller than with the doped samples.

D. Summary

Monocrystalline Mg-doped GaN thin films have been grown on alpha(6H)-SiC

substrates at 600-700'C using modified gas source MBE. SIMS results showed

chemically abrupt junctions at all growth temperatures. Samples were post-growth

LEEBI treated using a SEM or a RHEED electron gun. Significant changes in the

electrical properties including p-type conductivity were observed when the SEM was

used, but no changes were obtained with the RHEED gun. The reason for this is most

likely the difference in the electron current densities of the two techniques.

IV. Atomic Layer Epitaxy of GaN and AIN

A. Introduction

Atomic layer epitaxy (ALE) is a technique for growing films of materials one

atomic layer at a time through a series of self terminating steps. This technique offers

monolayer control over film thickness, a low thermal budget, and excellent control over

stoich-ometry.

The ALE growth of GaN and AIN will be conducted in a newly constructed

ultra-high vacuum system specially designed for this purpose. All necessary hardware

for handling the selected organometallics has becn acquired and is currently being

assembled.
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GaN and AIN will be grown using TEG (Triethylgallium) and TEA

(Triethylaluminum) as metal sources and ammonia as the nitrogen source. TEG and

TEA have been chosen instead of TMG and TMA, due to the weaker bond of the ethyl

group to the metals. This will allow lower growth temperatures and less carbon

incorporation in the films.

B. The ALE System

To accomplish the ALE of GaN and AIN, a vacuum system has been designed

and built. A composite drawing of the system is shown in Figure 13. The system is

configured to process one inch wafers. Ultimately, the apparatus may be adapted to

handle samples up to two inches in diameter. The ultra high vacuum system consists

of three modules; a load lock, a cleaning chamber, and a growth chamber. Process

gasses will be regulated by thermal mass flow controllers. Hydrogen will be used as a

carrier gas for the organometallic sources, TEG and TEA, which will provide gallium

and aluminum, while NH 3 will serve as the nitrogen source. Process pumping will be

handled by a rotary vane pump, and high vacuum will be achieved through diffusion

pumps.

The load lock is a simple five way cross that can hold up to four samples. All

samples are introduced to and removed from the system through this chamber. By the

present design, the load lock may be pumped to the millitorr level.

After passing through the load lock, the samples are cleaned in the cleaning

chamber by a remote hydrogen plasma. The cleaning chamber is pumped by a diffusion

pump to high vacuum, and process gas is handled by a rotary vane pump through a

throttle valve. To assure identical sample cleaning within a run, up to four samples can

be cleaned at a time. This chamber is capable of performing many variations on the

plasma cleaning operation, since it has the capability of varying flow rates, substrate

temperatures, plasma power, and process pressure.
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Figure 13: Atomic layer epitaxy system. The top view shows all three chambers:
load lock, cleaning chamber and growth chamber, while the growth
chamber (left) and the cleaning chamber (right) are visible in the front
view.

After cleaning, the samples are transferred to the growth chamber. Like the

cleaning chamber, the growth chamber is pumped to high vacuum using a diffusion

pump, and process gas is handled by a rotary vane pump through a throttle valve.
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1Inside the growth chamber, the samples seat on a revolving, heated stage. The heater

design allows heating to 1000'C; however, the intention is to process at substantially

lower temperatures. Due to the large mass that is heated inside the growth chamber,

1- and the potential high temperatures, appropriate heat shielding, and water cooling

have been applied.

The vane assembly, which is stationary above the rotating heating stage has

I 16 separate compartments for the introduction (theoretically) of up to 16 different

gases without mixing. However, the ALE process requires a purge cycle with an

innert gas after each exposure of the wafers to the source gas. This allows sufficient

time for the desorption of the physisorbed molecules. After this cycle only the

chemisorbed monolayer remains. For the growth of GaN and AIN, eight compartments

will be used for the purge gas and eight for the source gases: four for TEG or TEA and

four for ammonia. This arrangement will allow the growth of four monolayers (about 7-

1 8 A) of the binary compound per revolution. The anticipated growth rate is about I gm

per hour. Figure 14 shows the hearth of the ALE system: heater, sample receiver and

I the vane assembly.

I

i_ Sample

Sample Receiver

Figure 14: ALE growth system sample heater and vane assembly. The vane
assembly consists of 16 separate compartments for the introduction of
various gases without mixing.
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I= V. Future Research in GaN and AIN

The research on AIN, GaN thin films and their layered structures in the MBE

system will be continued. The main goals are the improvement of the quality of these

3 materials and the growth of p-type GaN and AIN. Mg will be used as the dopant for

both compounds. Having achieved the quality and desired electrical properties, all

I efforts will be focused toward the growth of structures for simple optoelectronic

devices.

The final preparations for the ALE growth of GaN, AlN and layered structures

of both materials will be conducted simultaneously. The first ALE material is

anticipated within a month. Initial growth efforts will be directed toward the

3 establishment of the best growth parameters and the characterization of the grown

material. The focus will be subsequently shifted to optoelectronic applications.

A cathodo- and photoluminescence system will be designed and built in order

3 to provide answers regarding the bandgaps and band energy shifts of compounds and

superlattices produced from AIN and GaN. The system will be capable of measuring

photon energies up to 7 eV.

3 VI. Growth of Boron Nitride Films via Gas-Source MBE

A. Introduction

I Boron nitride has long been known for its desirable properties as a highly

insulating as well as a chemically and thermally stable material. It is structurally

similar to carbon in that it exists in hexagonal, wurtzitic, and cubic forms. The cubic

m form has received much interest recently as a possible substrate for the deposition of

diamond, due to the similar lattice parameters (Aa0=1.34%) and its wider bandgap

(361. Several approaches have been employed, in the attempt to grow thin films of

cubic boron nitride (c-BN). These include reactive diode and rf sputtering, ion

implantation, plasma CVD, and ion beam techniques. All these attempts were

successful in producing polycrystalline films of c-BN, though predominantly of a mixed
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nature with both cubic and other phases present. It appears that most researchers

succeeded in the deposition of c-BN if the technique included the input of additional

energy from energetic ions during the deposition process. In the present study,

growth of cubic boron nitride (zincblende structure) films has been attempted on a

variety of substrates and under widely varying conditions. The details of this research

are described below.

B. Boron Nitride on Silicon Carbide

1. Overview

Initial attempts to grow c-BN expanded on the previous approaches by

attempting to produce an as-grown, lattice matched, epitaxial c-BN material. The

overall experimental objective was the growth of single crystal, cubic gallium nitride

[37] (a0=4.508 A) films on P3-SiC (100) films followed by the growth of a graded com-

position layer from c-GaN to c-BN and finally a layer of c-BN. If complete solubility

exists between c-GaN and c-BN, the final composition should have a lattice parameter

sufficiently close to c-BN to produce single crystal thin films of the latter material. In

addition, the use of a microwave electron cyclotron resonance (ECR) plasma source

provided ion bombardment for formation of the cubic phase.

Growth studies were conducted on in-house produced (100)-oriented cubic 13-

SIC substrates. A detailed description of the substrate preparation is reported in

Reference 38. The range of conditions used during growth are given in Table V.

TABLE V. Conditions ised in GaN-BN growth

Nitrogen pressure 5x10 5 - lxl0-4 Torr
Microwave power 50 W
Gallium temperature 850 - 9900 C
Boron temperature 1500- 1750 0C
Substrate temperature 600-7000 C
Growth time (BN) 120 - 360 min.

- Deposited film thickness 10-850 A (BN)
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2. Chemical Analysis

Scanning Auger analysis (JEOL JAMP-30) was performed on each sample to

determine the presence of impurities and the nominal composition of the BN layer.

Figure 15 is an Auger spectrum taken from the untreated growth surface. The oxygen

peak is due to surface oxidation upon exposure to the atmosphere. The carbon peak is

often observed to be surface contamination, but is significant in this case as will be

described below. No other contaminants were observed within the resolution of the

instrument (typically =0.2 at.%).

A depth profile was subsequently obtained and is shown in Figure 16. The BN

layer thickness is estimated (from SiO 2 sputter rate) to be =85 A, while the BN-GaN

mixed layer is -1000 A, and the GaN buffer layer is =-1800A. The oxygen signal

remains near the noise level of the instrument throughout the film and thus is not

present in significant concentrations.

The depth profile shows that the carbon contamination was significant, and

generally followed the boron concentration. After correcting for elemental sensitivities,

the B/N ratio is =1, despite the high levels of carbon present throughout the layer. The

specific source of the carbon contamination is not understood at present, since a

number of carbon-free films were grown after a carbon crucible was replaced by one

made of pyrolytic BN.

Diagnosis of the source of carbon contamination in the BN films was carried

3 out as follows. A series of samples were grown under a number of different operating

conditions and subsequently analyzed by Auger microscopy to identify the conditions

that maximized the carbon concentration. It appears now that the carbon is not

coming from the high temperature boron effusion cell as previously reported [391. One

U source of carbon was identified as being in the incoming nitrogen gas supply. This

source was originally discounted, since carbon had not been seen in growths of AIN

(which is also a carbide former). However, it appears at present, that boron is a
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Figure 15. Auger spectra taken from the untreated BN surface. Only oxygen and
carbon contamination was detected.£ ~100-
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Figure 16. Auger depth profile of the BN layers on P3-SiC (100). The profile of the
carbon contamination follows that of the boron concentration. The
thickness of the BN film is =850 A, and the graded layer is =1000 A.
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much stronger carbide former as well as being grown at lower growth rates has

contributed to its appearance in the BN films. A second gas purifier was installed to

reduce the hydrocarbon contamination in the incoming nitrogen gas to <10 ppb levels.

Growths shortly after installation showed improvement in the carbon levels, but not

elimination. Nearly complete carbon elimination was achieved after repair of the

graphite heater stage assembly on the MBE growth manipulator. The exact nature of

this mechanism is unknown since carbon diffusion rates are extremely low at the

growth temperatures used. It is speculated that some sort of gas phase transport

mechanism was involved. The purity of the as-grown film surfaces after both of these

modifications were made can be seen from the XPS spectra in the later section on

growth. of BN on Si (100).

Given the relative purity of the films now produced, an effort was made to

quantify the N/1 ratio. To get accurate N/1 ratios requires that an independent standard

be analyzed by the same analytical system used to evaluate the films. To this end a

sample of high purity (99.99% min.) pyrolytic BN (BoralloyTM , Union Carbide) was

obtained. This sample was analyzed by our XPS system and resulted in a relative N/

sensitivity factor of 3.68, which is very close to the value of 3.70 published by Surface

Science Laboratories, Inc.

3. Structural Analysis

Reflection high-energy electron diffraction performed during growth indicated

that the BGaN film remained predominantly single crystal, but shows both a normal

cubic [1101 pattern and a second hexagonal pattern [01101. By contrast, during the

deposition of the BN, the RHEED pattern indicated that this film was predominantly

amorphous with some microcrystallinity also present.

Transmission electron microscopy (TEM) was used (Hitachi H-800) to more

closely examine the microstructural evolution of the BN/BGaN/GaN epitaxial films.

Cross-section TEM specimens were prepared using standard techniques described in
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Reference 40. Examination in bright-field and with selected area diffraction (SAD)

also showed the BGaN layer to be a mixture of cubic and wurtzitic phases. This layer

was heavily faulted. The latter phenomenon is to be expected given the high degree of

lattice mismatch (19.8%) being accommodated in a layer of only 1000 A. Examination

of the diffraction patterns taken from the BN film revealed this layer to be amorphous,

as shown in Figure 17. Only the top film of the multilayer assembly is shown (a-BN),

which displays a contrast similar to the epoxy. The BGaN layer is nearly opaque

because its lower ion milling rate left it much thicker than the BN layer.

h' r 
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Figure 17. XTEM photograph (z=[ 110j) of the top of the deposited film with the
BN marked. The low contrast of the layer is due to its amorphous
nature (see text).

Scanning electron microscopy (SEM) examination of the surface of the film was

performed to evaluate the surface morphology produced during the deposition. The

resulting morphology was (]Uite good as can be seen in Figure 18.
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Figure 18. SEM photograph of the surface of the deposited film. The white
particles on the surface appear to be contaminants that adhered after
the samples exposure to the atmosphere.

C. Boron Nitride on Diamond (100)

Diamond (100) substrates (4 mm x 4 mm x 0.25 mm, type Ila) were purchased

from Dubbledee Harris Diamond Corp., in an attempt to grow c-BN (100) layers on it.

Diamond makes a nearly ideal substrate for c-BN, due to its low lattice mismatch

(=1.4%) and higher surface energy, which both promote two-dimensional growth.

The diamond substrates were degreased in a series of organic solvents

(trichloroethylene, acetone, methanol and isopropanol) to remove hydrocarbon

residues. Subsequent examination in a field emission SEM (Hitachi S-4000) revealed

a rough surface morphology, which is shown in Figure 19.

After these investigations, it became apparent that the polishing procedures

might well leave graphitic and/or highly damaged diamond layers on the surface which

would in turn interfere with the proper initiation of c-BN growth on its surface. Thus, a
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Figure 19. Scanning electron microscope photograph of the unetched but thoroughly
degreased diamond surface. Note the appearance of the polishing
scratches in conjunction with a dark carbonaceous or hydrocarbon-like
deposit.

graphite etching procedure reported in the literature [44] was added to the substrate

preparation procedures. This etch involves soaking for 45 min. in a heated solution of

Ht2S0 4:HNO 3 :HC10 4 in the proportions 3:4:1. Figure 20 shows the the surface

mortphology produced by this procedure.

Note that polishing artifacts are much less pronounced in this micrograph, but a

heavily stepped surface was revealed by the etching procedure. It would appear that

there was a substantial graphitic or damaged layer present which was removed by the

utchant. The highly stepped surface, while not a major obstacle for current growth

studies, -oes pose a serious problem for future research involving devicz develop-

In3 nt.
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Figure 20. Scanning electron micrograph of the diamond surface after an oxidizing
etch to remove graphitic layers.

As a result, discussions were held with representatives of Dubbledee Harris

Diamond Corp. and their European supplier regarding these findings resulted in a

commitment by them to perform additional quality control tests on the next shipment

of diamond substrates. When these new substrates arrive, the same tests will be

performed in our laboratories tn provide verification of their results. These strenuous

evaluation procedures will hopefully result in higher quality diamond substrates for

this as well as future studies.

After the cleaning and etching procedures were completed, the diamond

samplcs were rinsed in DI water and dried and then mounted onto a silicon wafer

u1ing a commercial ceramic adhesive (CeramabondM 503, Aremco Products, Inc.).

I hc silicon wafer was then indium bonded to the molybdenum MBE substrate block.

'his procedure was used to avoid indium diffusion onto the diamond surface, which

reNdiy )CCurs on 0.25 mm ii thick uf-SiC substrates.
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The substrates were then loaded into the MBE system and degassed to

800'C. Higher temperatures for degassing which are typical for silicon processing

were not used to avoid graphitizing the surface in the UHV conditions. Typical growth

conditions are shown in Table VI.

TABLE VI. Conditions used in growth of BN on diamond

Nitrogen pressure lxl0-4 Torr
Microwave power 50 W
Boron temperature 1500- 17500C
Substrate temperature 400-7000 C
Growth time 120 - 480 min.
Deposited film thickness (approx.) 10-1100 A

After growth the samples were removed and evaluated using x-ray diffraction.

AES was not performed due to the charging of the film/substrate. XPS was also not

done due to difficulties with the small sample size, though it would be expected that

the composition of the film would not differ from that observed on other substrates. X-

ray diffraction indicated that the films were a mixture of graphitic and cubic BN.

Interestingly, it appears that the c-BN present was oriented to the suostrate, since

only the (100) and (200) peaks from the c-BN were observed (see Figure 21), which

would not be possible if it were randomly oriented. This is because the c-BN (220)

and (111) are stronger reflections, 3X and 50X, respectively, than the observed (200)

reflection. Therefore, crystals in these orientations would have been easily observed,

even in relatively smaller fractions of the deposited film.
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Figure 21. X-ray spectra (CuKa) of BN on diamond. (Left) Diamond and c-BN
(400) reflections. (Right) c-BN (200) reflection, since diamond (200) is
forbidden by the structure factor.

D. Boron Nitride on Silicon (100)

£ 1. Overview

The orientation observed by Doll et al [42] for c-BN on Si was

c-BN(100)IISi(100) and c-BN(00l)IISi(01 1). This orientation presents to the growing

c-BN layer a periodicity of (1/2 x 1/fF2)R450, which is shown in Figure 22. Note that

the new periodic "net" is shown displaced in the figure and located in the next growth

5 sites available above the Si (100) surface.

This new lattice is 6% larger than c-BN, which is much lower than the 33%

5difference if the lattices are in perfect registry. The appearance of this coincidence

condition for c-BN on Si encouraged work on Si as a substrate material.

I Another alternative boron source was investigated at the same time the

growths began using Si (100) substrates. Borazine (B3 N 3H 6 ) was purchased

(Callery Chemical Company) and installed in the gas supply lines for the ECR source

3 in a bubbler configuration. As such, nitrogen was used as a carrier gas which passed

through a controlled temperature bath containing the borazine. The controlled

3
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Figure 22. Schematic diagram of Si (100) face, showing the periodicity of
(1/42-x 1/\2)R45° possible on this face, displaced upward to the next
growth location above the Si surface.

temperature of the bath limited the vapor pressure of the borazine and thus controlled

the flow rate of the borazine. This nitrogen/borazine gas was then passed through the

ECR source and on to the substrate. Conditions used in the MBE system for

deposition both with the borazine and the high temperature boron effusion cell are

listed in Table VII.

TABLE VII. Conditions used in BN laser ablation on silicon growth

Nitrogen pressure lxl0 4

Microwave power 25 - 50 W
Boron temperature 1700- 1850 0C
Borazine bath temperature -100C
Substrate temperature 600- 7000C
Growth time 120 - 480 min.
Deposited film thickness (approx.) 250-1100 A
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2. Chemical Analysis

Chemical analysis of the resulting films was performed using an XPS system

attached to the MBE system allowing in-vacuum transfers and thus analysis of the

films without exposure to the atmosphere. Figure 23 shows the spectra obtained for

films using the high temperature effusion cell as a boron source. Note the lack of

contamination of the films by oxygen and carbon. Use of a standard material permitted

calculation of the N/B ratio, which in this case, showed the presence of a nitrogen-rich

film. It is unclear at present whether the excess nitrogen plays an important role in

the structure of the resulting films.

Figure 24 shows the spectra obtained for films using the borazine bubbler as a

boron source. Note the lack of contamination of the films by oxygen and carbon. Use

of a standard material permitted calculation of the N/B ratio, which in this case

showed the presence of a slightly nitrogen-rich film.

I ISample: BN on Si
NIS ITechnique: XPS

Resolution: 2 eV
Calib. N/B: 1.21

, NKvv

C.-

B

1000 800 600 400 200 0
Binding Energy (eV)

Figure 23. XPS spectra (Mg anode) of BN film grown using high temperature
effusion cell as the source of boron. Note the high excess nitrogen
present, but no contamination present.
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Figure 24. XPS spectra (Mg anode) of BN film grown using borazine as the source
of the boron. Note lack of contaminants present.

3. Structural and Microstructural Analyses

Structural analysis of the resulting films began with x-ray diffraction using an

automated Rigaku diffractometer utilizing CUKox radiation. The resulting spectra are

shown in Figures 25 and 26. The extremely sharp peaks, which even resolve the K(X,

and Ka 2 lines, correspond to the exact position of the c-BN (400) peak. It was initially

assumed that since the c-BN (111) peak was not present (and has the highest

relative intensity) that the films were highly oriented to the substrate. The sharpness

of the peaks could not be explained, however, since extremely thin films even of

relatively good quality show appreciable line broading. As will be shown in the

following electron microscopy analysis, the films were shown to be microcrystalline in

nature.
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Figure 25. X-ray spectra (CuKQ) of BN on Si (100) using high temperature boron
effusion cell as a source.
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Figure 26. X-ray spectra (CuKc) of BN on Si (100) using borazine as a source.
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After x-ray diffraction analysis, backthinned plan-view TEM samples were

prepared and analyzed. Figures 27 and 28 show a bright field image and the

corresponding SAD pattern of the BN film. Micrographs from both materials are not

shown as they are essentially the same. Note the appearance of the fine microcrystals

randomly oriented across the film.

I'I
I4

500 nm•

Figure 27. Backthinned plan-view (z=[100]) of BN on Si (100). Note evidence of
small microcrystals scattered randomly across the surface.

The SAD pattern (Figure 28) shows that the film is random microcrystalline

BN as indicated by the broad rings. Additional amorphous character is also observed

by the increased diffuse scattering between the rings. The patterns indicate c-BN, but

this is not conclusive by itself as h-BN would place rings in nearly the identical

locations. However, there is no evidence of the h-BN (002) ring which has the highest

relative intensity and is unique to that phase.
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Figure 28. Selected area diffraction pattern (z=[100]) of BN on Si (100). Spots
are from the Si (100) substrate.

Shown in the Figure 29 is a high resolution SEM photograph of the as-

deposited surface of BN on Si (100). Note the textured and pitted nature of the

surface, which is otherwise quite smooth and featureless. This texturing is also

i observed in the case of other nitride growths in this MBE system, and thus may

represent an ion bombardment effect, rather than crystalline versus amorphous

phases of the BN.

This observed surface compares well the that seen in the plan-view TEM

photograph shown in the following figure. Comparison of the feature size in these two

figures indicate that these are the same or related features in both.

Additionally, dark field images using the rings and amorphous background

indicate that the particles observed are from the deposited film and not the Si

substrate.
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Figure 29. High resolution SEM (Hitachi S-4000) photograph of the as-deposited
surface of BN on Si (100). Note fine texturing of substrate surface.

Subsequent to the TEM and SEM analysis, additional samples were prepared

for Raman spectroscopy which was performed by Trevor Humphries in the laboratory

of Professor Robert Nemanich in the Fhysics department of NCSU. The resulting

spectra were compared to the literature on Raman spectra of BN [43], as well as the

Surnitorno c-BN and Union Carbide h-BN and no evidence of tihe hexagonal peak at

1368 cm - 1 was observed. However, only slight cubic-like features were observed

shifted down from the normal peak locations at 1055 cm - ! (TO mode) and 1308 cm - 1

(LO mode).

In conclusion, the films produced to date on Si (100) substrates are comprised

of mainly amorphous BN with some c-BN microcrystallinity, but without hexagonal

charaicter.
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VII. Growth of Boron Nitride Films via Laser Ablation

Work has begun on laser ablation of BN targets to deposit cubic BN films.

This work is being done in collaboration with A. F. Schreiner in Chemistry and 0. H.

Auciello in Materials Science and Engineering, both of NCSU. The technique involves

the use of a pulsed ArF laser (X=193 nm) passing through a special UV-grade quartz

window into a UHV chamber where it strikes a BN target. The conditions used to

date in this study are given in Table VIII. The target ablates under the high energies

imparted by the laser pulse and are subsequently deposited on a substrate. A quartz

crystal deposition monitor is mounted in the ablation path to permit monitoring of the

deposition thickness and rate.

It is thought that the activated material ejected from the surface may provide

the necessary energy to allow the depositing BN to crystallize on the substrate in the

cubic phase. This is supported by Doll et al [42], who deposited c-BN layers on

silicon and the fact that polycrystalline TiN has been deposited on a room temperature

substrate via laser ablation. The system also has facilities for heating the substrate.

TABLE VIII. Conditions used in BN laser ablation on silicon growth

Nitrogen pressure lxl0-4 - 3x10- 2 Torr
Average laser power 0.1-0.55 W
Laser pulse 20 ns @ 10 pulse/sec
Substrate temperature 400 -600 0 C
Total overall growth time (typical) 120 min.
Deposited film thickness (approx.) 50-500 A (BN)

Results from preliminary depositions were mixed. The deposition rate was

quite high initially, but then dropped rapidly to zero. Concurrently, a dark rectangular

stripe appeared on the surface of the target, corresponding to the shape of the excimer

laser cavity. This deactivation was also observed by Doll et al [42] when using a KrF

laser (X=248 nm). It is speculated in the case of ArF that the BN was decomposing
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and ablating, which would quickly produce a boron-rich phase that would resist further

ablation. By moving the target to an unimpacted region, the deposition could be

slowly continued, until after several hours, a layer 200 A thick was produced. At this

I point, the target was sufficiently affected to effectively prevent further deposition, and

so the substrate was removed for analysis.

X-ray diffraction was performed and a typical spectra is shown in Figure 30.

Note that while a number of peaks were observed for hexagonal and wurtzitic BN, no

peaks were observed for the cubic phase.

I The reason for the lack of the c-BN phase is, at present, unclear though

perhaps the higher photon energy of the ArF laser results in processes which are

more favorable to the formation of w-BN. Additional x-ray diffraction was performed

on the h-BN targets, on both the laser impacted material and the unaffected areas.

Figure 31 shows the comparison of these two areas on the target.I
si

-BN h-BN
100) (112)

-(101) - BNI hBN w-B (006)
: (101) (110)

Fdt(r

40 50 60 70 80 90 100 110 120 130I Angle (2E))

Figure 30. X-ray diffraction spectra (CUK~x) Of Si (100) target after laser ablation.
Film thickness measured during deposition via quartz crystal monitor is
525 A.
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Figure 31. X-ray powder diffraction patterns (CuKax) of hexagonal BN target inside
and outside laser ablated area. Diffraction peaks are not indexed since
all peaks are from h-BN.

There was no evidence in the diffraction pattern of any residual cubic or

wurtzitic BN crystals. Small amounts would be expected and have been observed in

other cases [441. This is true especially, since the laser develops an area which will

no longer ablate, and so reduces the energy applied to the target, allowing an

intermediate energy input which might convert material without ablating it.

Auger electron spectroscopy showed that a slightly sub-stoichiometric BN

layer was deposited on the Si substrate. It also showed a small amount of Ca, which

is likely due to impurities in the target, since it was a hot-pressed product and Ca is a

typical sintering agent. Surprisingly, AES of the target did not show discernable

composition differences between the light (unexposed) and dark (ablated) areas,

which were clearly visible in the Auger microscope. Clear differences in the boron

peak shape were observed, however. This somewhat anomalous result is under

investigation.
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VIII. Characterization of Sumitomo c-BN

Work has also been done on the characterization of polycrystalline c-BN

substrate materials obtained from Sumitomo Electric in Japan. Figure 32 shows a

surface electron energy loss spectroscopy (EELS) plot of the surface of the substrate.

80 60 40 20 0 80 60 40 20 0
Kinetic Energy Loss (eV) Kinetic Energy Loss (eV)

Figure 32. Surface EELS spectra (Ep=1000 V) of polycrystalline c-BN sample
obtained from Sumitomo Electric Corporation. Left graph shows as
received spectra and right graph shows after 3 kV Ar + sputter clean
followed by 900'C anneal.

The plasmon loss features are evident and are similar to spectra taken by

transmission EELS done by Hosoi et al [45]. The unsputtered spectra on the left

shows peaks at 23 and 35 eV. Hosoi et al observed a 33 eV feature which was

attributed by them to be to a a;---y* plasmon transition in w-BN. They observed

25 and 26 eV features which they attributed to 7r+c transitions in amorphous and

h-BN. Since our spectra might have been affected by substrate polishing and

oxidation or other artifacts from surface treatments, the sample was sputter cleaned

and annealed.

The right spectra in Figure 32 shows the plasmon loss features after the

annealing. The 33 eV feature is reduced and the 23 eV feature has been shifted up to
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26 eV, much closer to the 29 eV peak that Hosoi et ai observed for the c--G* plasmon

transition in c-BN. However, an additional feature has appeared around 9 eV which

Hosoi et al attributed to a 7cn-)7t* plasmon transition in h-BN. Thus, it appears that

the sputter clean did remove the most of the surface artifacts, but added a small

amount of h-BN. It is not surprising that a relatively low temperature anneal (for BN)

of 900CC would be unable to completely reorder the surface. Thus, it appears that

spectra of these substrates can then be used as reference standards to characterize

the cubic nature of BN films deposited in the MBE system.

One final characterization of he Sumitomo substrates involved examination of

the surface via SEM. Shown in Figure 33 is a SEM photograph of the c-BN surface

observed in this study.

10

Fig1re 33. Scanning electron microscope photograph of surface of Sumitomo
polycrystalline c-BN substrates.
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The surface of the c-BN substrates is quite rough, showing angular pits

3 distributed all over the surface. This is very likely due to the extreme hardness of the

c-BN, making polishing without intergranular pullout extremely difficult. it thus

I remains for future investigation, if these substrates will be appropriate for use in

3 growth studies.

IX. Future Research in the Growth of BN Films

I A. Gas Source MBE

5 Work will continue on various methods of improving the amorphous and

microcrystalline nature of the films being deposited. Recent publications [46-49] on

growth of c-BN films have indicated that lower substrate temperatures might well be

desirable. Lower substrate temperatures will also have lowered surface mobilities of

species on the growth surface which would impede proper crystal structure formation.

One such method of in nrioving the surface mobility involves use of a high-pressure

mercury lamp situated so that it will irradiate the growing film. This type of lamp can

5 excite the boron atom transition at 249.7 nm [50], giving the boron atoms a higher

surface mobility, but maintain a lower growth temperature to maintain the cubic

I structure. This lamp has been purchased and experiments with this modification

* should begin in the near future.

B. Laser Ablation

Work will also continue on alternate growth technologies for c-BN layers. A

5 new, more powerful excimer laser is in the process of being upfitted into the laboratory

where the other ablation experiments have been performed. Before the end of the

5 calendar year, experiments with this new laser will begin, which will provide much

higher laser fluences than available with the previous excimer laser.
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C. Analytical Techniques

Due to the difficulty of preparing diamond and c-BN samples for examination by

TEM, other techniques will need to be heavily relied upon for initial diagnostic

information on the crystalline nature and quality of the c-BN films produced. The

current x-ray diffractometer has proven to be quite difficult to use with the small single

crystal diamond substrates and the resulting oriented films, due to its lack of a

goniometer stage.

Work is nearly complete to recommission a diffractometer in the laboratories of

Klaus Bachmann, here in the Materials Science and Engineering department at NCSU.

This system is a triple crystal diffractometer with a goniometer stage, which will

permit accurate alignment of the substrate crystal. Thus, measurement of the

individual peaks will be much easier to obtain. In addition, since the x-rays in this

system are extremely monochromatic, rocking curves will be possible to measure the

strain present in the films.

Further work will also continue in the development of additional techniques for

analyzing c-BN films. Further EELS studies will determine how effective that

technique will be in observing h-BN and c-BN features. Arrangements have also been

made to have further samples analyzed using Raman spectroscopy and/or micro-

Raman spectroscopy in the laboratories of Dr. Robert Nemanich in the Physics

Department here at NCSU.
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