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Positron annihilation spectroscopy on GalN films grown on SiC substrate with MBE are presented. It is shown

that the GaN/SiC interface is rectifying towards positrons, such that positrons can only travel from SiC to GaN and

not vice versa. Potential steps seen by the positron at the GaN/SiC interface are calculated from experimental values of

electron and positron work function. This “rectifying” effect has been successfully mimicked by inserting a thin region
of very high electric field in the Variable Energy Positron Fit (VEPF) analysis. The built-in electric field is attributed

to different positron affinities, dislocation and/or interface defects at the GaN/SiC interface.
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1. Introduction

Wide band gap semiconductors, such as GaN and
SiC, exhibit many attractive properties: the unique
combination of the wide band gap, the high break-
down field (over 2 MV /cm), the high saturation ve-
locity, good transport properties which make them
ideal candidates for high-power, and high-frequency
applications.!=8 Rapid progress in the performance
of microwave power transistors has been obtained, ow-
ing to the use of SiC substrates instead of sapphire,
and take advantage of the high thermal conductivity
and stability of SiC. Therefore, numerous studies have
been devoted to improve the growth and microstruc-
ture of epitaxially grown GaN on SiC substrates. The
main factors governing the transport properties are
the band offsets at the interface.

theoretical works are reported for this heterojunc-

At present, some

tion system, 7% but there are few experimental data
and large uncertainties still exist on the band off-
sets at the GaN/SiC heterojunction. It was not un-
til 1997 that positron studies of GaN were performed
by Dannefear et al!'!l and Saarinen et al['2l Since
that time, beam-based positron Doppler broadening
annihilation spectroscopy (PDBAS) has been demon-
strated to be powerful in determining the defects

structures at semiconductor interfaces. On the other

hand, to produce a highly mono-energetic positron
beam with high efficiency, some new moderator mate-
rials are expected. Recently, efficient re-emission from
semiconductor materials for the moderators, such as
diamond,3! SiC,14-16] GaN[16:17] have been found.
A moderator constructed by using these materials can
moderate positrons of several keV. Since the penetra-
tion depth of several keV positrons is a few hundred
nanometres, one can make a semiconductor modera-
tor with a depletion layer of several hundred nanome-
tres in thickness by using a built-in potential of p-n
junction. Some experiments have been done on these
semiconductor moderators. The experimental results
show that the re-emitted positron fraction from these
moderators is quite high, and the field-assisting effect
has been seen very easily.'®! In this work, we study
by using variable energy positron annihilation spec-
troscopy (VEPAS), a variety of GaN epilayers grown
on SiC substrates for different growth conditions. The
plots of the line-shape parameter against the positron
energy have been obtained. In the plots a peak in
the S-parameter has been seen which is related to
the GaN /substrate hetero-junction. This anomaly has
been attributed to the fact that there is a rectifying
potential step which prevents diffusing positrons in
the GaN from entering the SiC substrate. The rela-

tive potential step of the energy levels of delocalized
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positrons between the GaN and SiC is determined by

the positron affinities of the materials.
2.Sample preparation

The MBE growth of GaN was carried out by using
MBE growth system in the Department of Physics,
University of Hong Kong. The deposition rate was
0.026nm/s and substrate temperature was 650°C.
These conditions ensured a step flow growth mode as
indicated by the absence of isolated islands observ-
able by scanning tunnelling microscopy (STM). Sam-
ple heating was achieved by applying a DC current
through the sample along the long side of the rectan-
gular substrate (10x4 mm? in size). The voltage drop
was 8 V and the current was 0.9A. For GaN growth,
the Ga and N source fluxes were provided respectively
from a conventional Knudson cell at the cell temper-
ature 980°C and from a radio-frequency (RF) plasma
generator (Oxford Applied Research, CARS25). The
N, flow rate was 0.13 sccm (standard cubic centime-
tre per minute) and the RF power was 500W. The
corresponding GaN/N flux ratio was measured to be
approximately 2. To quench the growing surface, the
DC heating power of the sample was simply switched
off. At the same time, the source fluxes were stopped
by closing the source shutters as well as by shutting
down the RF power of the plasma unit. Two samples
were constructed. The thickness of the first sample
(MO056) was 300nm, while the thickness of the second
(MO057) was 90nm. These thicknesses were checked by
a step thickness profiler. Both samples were n type
(~10'%cm™=3) but were not intentionally doped. The
film crystal structure was wurtzite. The substrates for
MO056 and M057 were n-type (~10'¥-10°cm=2) nom-
inally flat 6H-SiC (0001 oriented) and vicinal 4H-SiC
(0001 oriented) respectively. The vicinal angle for the
latter sample was 3.5° and oriented towards the (1010)
direction. GaN deposition was on the Si-face in both

cases.
3. Experiments

Measurements on the GaN/SiC samples were

made using the slow positron beam. The beam energy
was varied from 30eV-35keV manually, with most
data being taken in the 0-10keV range so as to cover
the detail of the film and interface. The 511-keV an-
nihilation radiation gamma photons were detected by
using a high-purity Ge detector of 1.12keV resolution
(FWHM). The detector energy signal was amplified
by a single spectroscopy amplifier and digitized by a
16k channel multi-channel analyser. For each positron
beam energy, a total of 7x10% counts were collected.
Doppler broadening of annihilation radiation
spectroscopy (DBARS) has been used to measure the
longitudinal component of the photon pair momen-
tum, which in turn is the longitudinal component of

the electronic momentum.
4. Experimental results

The energy spectrum measured C(E) is the
spectrum convoluted with the resolution function
R(E~,E) of the system.
convolution through a simpler device to deal with
the DBARS spectrum. In this method, we analysed

the spectrum by a ratio S or the “shape” parameter.

We prefer to avoid de-

This parameter, originally suggested by MacKenzie et
al 19 is defined as

/ " c(B)dE
S="—", (1)

/m C(E)dE

where C'(E) is the energy spectrum. The S-parameter
is defined as the ratio between the areas of the cen-
tral region to the whole area of the broadened 511keV
peak. Positrons get trapped at neutral and negative
vacancy defects because the missing positive ion core
charge causes the particle to experience a potential
well. The reduced valence and core electron den-
sity at a vacancy increase the lifetime of the trapped
positron, and narrow the positron momentum distri-
bution, since the relative proportion of valence to core
annihilations increases. Thus decrease of the possibil-
ity of annihilation between decreasing positrons and

core electrons leads to the increase of S-parameter.
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The S — E plots of the sample M056 and M057
were given in Fig.1(a) and Fig.1(b) respectively. It

was found that a three-layer model comprising the
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Fig.1. S parameter versus positron implantation en-
ergy for the thin GaN films with different thickness.
(a)Sample MO56 with 300nm GaN/4H-SiC. (b) Sam-
ple MO57 with 90nm GaN/6H-SiC.
GaN film, the interface layer and the SiC bulk was the
minimum model required to interpret these curves.
The S-parameter for a given beam energy was thus

given by

S(E) =F{(E)Ss + Faan(E)Scan + F1(E)St
+ (1 = Fy(E) — Fean(E) — Fi(E))Ssic, (2)

where F5(E), Faan(F), and Fi(E) are the fractions of
positrons annihilating in the surface, the GaN layer,
and the interfacial region respectively. The surface
fraction F5(F) is characterized by the GaN’s effec-
tive positron diffusion length L‘C’ng. At low implan-
tation energies, the S-parameter is high because it
is more characteristic of the positron surface state.
As the positron incident energy increases, the S-
parameter drops because fewer positrons are able to
diffuse back to the surface. It seems reasonable that
S is higher than Sg.n, because positrons at the sur-
face experience less compression into interfacial re-
gions, so that less high-momentum-core annihilations
take place, and moreover para-positronium can form

at the GaN surface.2) It is very clear that both curves

contain a peaked structure. In sample M056, the peak
maximizes at ~6keV of incident positron energy which
corresponds to 120nm depth. For the MO057 sample
the peak maximizes at ~3keV which corresponds to
24nm depth. Both these depths are those obtained by

using the mean implantation depth formula
7 = 40E"°%/p(nm). (3)

The reason that such peaks occur can only be at-
tributed to the contribution of the interfacial region,
where, as a result of lattice mismatch there are large
open volume sites which produce a high S—parameter.
With this interpretation, however, one notices a strik-
ing disagreement between the interface depth as de-
termined on the one hand by variable energy positron
annihilation spectroscopy (VEPAS) and as, on the
other hand, determined from the growth rate and
step profiling measurement. For MO056 the former
depth is ~120nm while the later is 300nm. For MO057
the former depth is ~24nm while the later is 90 nm.
Moreover, the discrepancy is not removed performing
VEPF fits to the data since the interface depths so ob-
tained are almost identical to those obtained by using
Eq.(3). This discrepancy is a real effect, and is shown

as below.
5. Analysis and discussion

The S-parameter plots are analysed by using a
software: VEPF.[21] A major question has been raised
in the preliminary analysis above as to why it is that
the depth of the interface as determined by the VEPF
is clearly in error (see Fig.1). Binggeli and Ferrara ex-
amined the influence on the electronic valence-band-
offset induced by a transformation from zinc-blende
to wurtzite crystal structures in GaN/SiC.[% Partic-
ularly, they investigated the band-offset dependence
on the interface orientation, strain, heterovalency, and
polytype. They found that local atomic interfacial re-
laxation has a major influence on the offsets of the
heterovalent nitride interfaces. For the positrons, it is
a little more complicated than for electrons. To facil-
itate discussion it is helpful to understand the quan-
tities known as the positron affinity of GaN and SiC.

The relative position of the energy levels of delo-
calized positrons between different materials in con-
tact are determined by one parameter, that is the
positron affinity A, which can be used to estimate
the positron diffusion constant.[?2! The positron affin-

ity was defined as the sum of the internal electron
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and positron chemical potentials and has a negative

value:[2]
Ap =p +py. (4)
It follows that the positron affinity is related with
the electron work function ¢_ and the positron work

function ¢4 which are defined with respect to the vac-

uum level:
A= (6 +6y). (5)

The measurement of ¢_ and ¢ thus allows an
experimental method of finding A,. Alternatively
A4 may be found from theory but with less reliabil-
ity. Quote after the density-functional theory in local-

[24]

density approximation'*® is used to calculate A,. Al-

ternatively the linear-muffin-tin orbital method within

25,26] may be used.

the atomic-spheres approximation!
In the latter method the potentials and energy lev-
els are given with respect to the so-called crystal zero
level, which is defined as the zero of the Coulomb po-
tential due to the nuclei and the electron density of
the infinite solid.

For understanding how to derive Eq.(5) let us
consider Fig.2. This diagram shows the electron and
positron potentials and energy levels near a solid sur-

face. It is shown that there are three very important
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Fig.2. Electron (a) and positron (b) potentials and

energy levels near a surface.
physics quantities: the surface dipole energy D, the
electron chemical potentials, 4 and p4, and the work
functions ¢_ and ¢. The surface dipole energy D, is

the change of the potential energy across the surface

dipole. The electron chemical potential, p_, is the
energy required to extract an electron from the Fermi
level to the crystal zero. For the positron, the chemi-
cal potential, p, is the energy required to extract the
positron from lowest Bloch state to the crystal zero.
For both electrons and positrons the work function, ¢,
is the energy required to extract the respective parti-
cle from the Fermi level to the vacuum. For electron,

the relation among the three quantities is

¢*:D_/*L*7 (6)

while, for positrons,

¢4 =—D — py, (7)

where p4 and p— should be negative. Addition of
Eqgs.(6) and (7) and the definition of A, (Eq.4) leads
to Eq.(5). It should be noted that in some materials
such as GaN, SiC, GaAs et al the absolute value of D
is larger than the absolute value of p, which makes
the work function for the positron negative — a fea-
ture that is of fundamental importance as regards the
production of positron moderator for beams.

Figure 3 shows the electron and positron poten-
tials and energy levels near a junction of two materials.

The vertical scale corresponds to the particle energies
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Fig.3. Electron (a) and positron (b) potentials and

energy levels near a junction of two materials.
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found at the junction between material A and B. On
the electron diagram (a) Fermi levels equalize them-
selves via the formation of an interface dipole with the
potential difference A = p® — uB. For the positrons,
the difference between the bottoms of the lowest band

on the different sides of the interface is given by
AB _pA B_ A B
AEY” =By —EY =py —pi+ A
=p —p +pt —pB, (8)
which from the definition of A} becomes:

AEDE = A% — AB. (9)

In application of Eq.(9), it should be noted that
for a semiconductor the electron work function is
rarely measured or reported. Instead the electron
affinity x_ is normally quoted, which is the energy
required to remove an electron from the conduction

band into vacuum. Thus one has for a semiconductor

Ap=p_+py =—(¢- +4) = —(x— + Eg + 4),

(10)
where E; is the band gap. Table 1 gives some quanti-
ties required for the computation of A for GaN and
SiC.

Table 1. Some quantities required for the computation of A} for GaN and SiC.

Electron band gap Fg/eV

Electron affinity A_ /eV

Positron work function ¢4 /eV ~ Positron affinity A4 /eV

4.06[271
3.8[29]

GaN 3.4
SiC 3.0

-5.06+0.3[27,28]
-3.51+0.8[29:30]

—2.4+40.3(28]
—3.29+0.5[30]

One notes positron affinities of —5.06+0.3 eV and
-3.514+0.8eV for GaN and SiC respectively. There-
fore, the affinity difference across the hetero-junction

of GaN/SiC is given by
AE; =AJN — A5
=—5.06+3.51 = —-1.55+1.0eV. (11)

This result suggests that a diffusing positron ap-
proaching the GaN/SiC interface will see a potential
step of ~ 1eV which will prevent it entering into the
SiC. The reverse is true for the diffusing positron in
the SiC approaching the interface that will just “fall”
into the GaN. In order to mimic this “rectifying” be-
haviour with the VEPF software a strong electric field
of 6x10°V.cm~! was introduced into the ~25 nm wide
interface region. The effect of the rectifying potential
hill on the VEPF analysis will be considered. The
parameter values (o, m and n) used for the standard
Markovian form of implantation profile P(E,z) are
given in Table 2 along with densities and sample thick-

ness.

Table 2. S-parameters used in VEPF analysis of MBE
grown GaN/SiC samples.

Materials GaN SiC
Density p 6.1g-cm ™3 3.2g-cm ™3
Implantation « 36nm-g-cm ™3 36nm-g-cm ™3

Parameter m 2.0 2.0
Parameter n 1.6 1.6
Thickness A of 300nm 0.5mm
sample MO56
Thickness A of 90nm 0.5mm

sample MO57

The resulting fits to the data are shown by the
curves in Figs.4 and 5 in which a three-layer-model
was assumed (layer 1= GaN layer, layer 2= interface
layer and layer 3= SiC bulk). The diffusion length of
SiC substrate is fixed to 69nm as obtained from S(E)
scanning a pure SiC on the reverse side of the sample.
All other linear and non-linear parameters are fitted
such as S, Sgan, S1, Ssic, Sepi, layer boundaries B;
and Bs, and diffusion lengths Lg.N.
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Fig.4. The VEPF fitting result for the Sample MO56.
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Fig.5. The VEPF fitting result for Sample MO57.

Table 3. VEPF fitting results.

Sample Ss/nm SGaN/nm S1/nm Ssic/nm B Bs Lgan Ls;ic
MO56 0.5402(1) 0.5364(3) 0.6143(6) 0.5225(4) 278 299 12 69
MO57 0.5513(2) 0.5633(8) 0.5830(2) 0.5219(1) 82 100 12 69
Table 3 gives the VEPF fitting results. Under Vi (a)
the effect of the potential step, some positrons are - - —
“reflected” back to the GaN layer or surface. Which 1.5eV

makes the Fg.n and Fy becoming larger and finally
makes the S(E) becoming larger. As may be seen a
very small diffusion length is required for the inter-
face region in order to describe the data. It means
that there is a strong built-in electric field in this re-
gion, and it is not surprising as this layer has large
open volume defects, which trap positrons efficiently.
In carrying out a study such as the present one, it may
be hoped that information on the interface and film S-
parameters could be gained through which the quality
of these regions could be assessed. Table 3 shows that
in the present study this is not possible, because of
the strong inter-correlation that exists between Sq.n
and Sp. Figure 6 gives the pictures of the potential
steps seen by the positron at the GaN/SiC interface
which are calculated from experimental values of elec-
tron and positron work function, and the three layer
model area in VEPF analysis to represent the graded
interface.

Step function in positron potential seen at an
abrupt GaN/SiC interface
Vi (b)

ot
-

- gradient=6x10°V.cm™1!

F— 25nm

The less abrupt step function used in the present
work to ‘mimic’ an abrupt step function in the
VEPF analysis

S, N
\"1 Lgan Lsic (c)
SGgaN Ssic
5 g
B,

Fig.6. Potential steps seen by the positron at the GaN/SiC
interface as calculated from experimental values of electron
and positron work function. (a) The ideal abrupt junction,
(b) The more realistic graded junction used in the present
work and (c) The three layer model area in VEPF analysis to
represent the graded interface.



No. 11

Rectifying barrier at GaN/SiC hetero-junction studied ...

2299

6. Conclusion

A variety of MBE grown GalN epilayers on SiC
substrates which were grown by using different growth
conditions has been studied by using VEPAS. The
plots of the line-shape parameter against the positron
energy have been obtained. In the plots a peak in
the S-parameter has been seen which is related to the
GaN/substrate hetero-junction. The position of the
peak has been found to be much closer to the sample
surface than expected from simple mean implantation
depth arguments. VEPAS data taken on two MBE
grown GaN with SiC substrates have been analysed
by using the VEPF software. It has also been found
that if positrons are taken as freely moving across the
GaN/SiC interface in both directions, results are ob-
tained that cannot be made to agree with the known
thicknesses of the GaN films. If, on the other hand,
the potential step seen by positrons at the interface
is catered for in VEPF analysis then the discrepancy
is fully removed. This study shows the importance
of knowing positron affinities when analysing VEPAS
data. In general it is highly unlikely that positrons
will have the same affinity to materials on both sides
of an interface. The expected situation, then, will al-

ways be for “positron rectification”—inwards to the

substrate outwards towards the film and surface—
according to the sign of the potential step. The rela-
tive potential step of the energy levels of delocalized
positrons between the GaN and SiC is determined by
the positron affinities of the materials. Available data
shows that positrons are expected to pass from the SiC
to the GaN, but not vice-versa. This “rectifying” ef-
fect has been successfully mimicked by inserting a thin
region of very high electric field in the VEPF analysis,
and this built-in electric field can assist positron re-
emission. Therefore, if a right film thickness is chosen,
the hetero-junction as GaN/SiC should have the same
function as a p-n junction in a semiconductor field as-
sisted moderators constructed by using SiC or GaN.
In future studies of these materials it will be necessary
to choose a right thickness of GaN film and investigate
the re-emitted positron fraction. If the built-in assist-
electric-effect could be seen, one can make the best
moderator for high efficiency moderation from these

materials.
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