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Abstract

The structural, electrical, and optical properties of GaN grown on 6H-
SiC(0001) substrates by molecular beam epitaxy are studied. Suitable sub-
strate preparation and growth conditions are found to greatly improve the
structural quality of the films. Threading dislocation densities of about 1×
109 cm-2 for edge dislocations and < 1× 106 cm-2 for screw dislocations
are achieved in GaN films of 0.8µm thickness. Mechanisms of dislocation
generation and annihilation are discussed. Increasing the Ga to N flux ratio
used during growth is found to improve the surface morphology. An unin-
tentional electron concentration in the films of about 5× 1017 cm-3 is ob-
served, and is attributed to excess Si in the films due to a Si-cleaning step
used in the substrate preparation. Results from optical characterization are
correlated with the structural and electronic studies.

1 Introduction

The large band gap, high breakdown field, and high electron saturation velocity of GaN ma
ideal for use in visible-to-UV optoelectronic devices and high speed, high power electronic a
cations. Almost all such devices developed over the past number of years have been fabric
material grown by metalorganic chemical vapor deposition (MOCVD). Unfortunately, bulk G
in wafer sizes is not available, so most growth is performed on sapphire. Despite a lattice mis
to GaN of about 14%, MOCVD growth on sapphire using an appropriate low-temperature b
layer yields relatively high quality material. Dislocation densities as low as 7×108 cm-2 for thread-
ing dislocations which intersect the surface have been reported [1]. The recent innovation of
epitaxial overgrowth leads to a reduction in this density by several orders of magnitude in th
erally grown regions of the films [2,3], but the process is somewhat complicated. An alternate
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strate is SiC, with 3.4% mismatch to GaN. Early work with this material yielded results which w
no better than those using sapphire, although recently with the use of H-etching of SiC to im
its surface morphology growth of GaN on SiC by molecular beam epitaxy (MBE) has demon
ed material of relatively high quality, suitable for device applications [4-9].

In this work we report on structural, electrical, and optical characteristics of MBE gro
GaN on SiC. Details are given of H-etching and Si-cleaning steps used on the SiC substrate
to growth. The evolution of the film morphology is monitored using atomic force microsc
(AFM) and scanning tunneling microscopy (STM). Dislocations in the film are characterized u
transmission electron microscopy (TEM) and high resolution x-ray diffraction (HRXRD), yield
a detailed picture of the dislocation generation and annihilation in the films. We distinguish
tween high temperature and low temperature growth regimes, 650 C or 600 C respec
in discussing the results. Electrical characterization reveals the presence of substantial unint
al doping in the material, which is attributed to the presence of Si (arising from the Si-clea
step) as seen in secondary-ion mass spectrometry (SIMS). Low-temperature photolumine
(PL) provides information on the point defect concentration in the films and reveals cubic in
sions in non-optimally prepared material.

2 Experimental

GaN films of typically 0.8µm thickness are deposited by MBE on Si-face on-axis 6H-SiC(00
substrates. Activated nitrogen is supplied by an SVTA RF-plasma source, and effusion ce
used for Ga and various dopants. Ultra-high purity (99.9999%) nitrogen is used. It is pa
through an Aeronex gas purifier (except for some of our early films, where this purifier was
installed) which we find from residual gas analysis is effective at removing oxygen and water
the source gas. Ga fluxes are measured with a crystal thickness monitor, and the active N
calibrated by defining the Ga/N flux ratio to be unity at the point where a transition between str
and spotty behavior occurs in the reflection high energy electron diffraction (RHEED) pa
[10,11]. Hydrogen etching of the SiC is carried out at a temperature of 1600–1700 C with
drogen flow of about 14 liters/min [4]. The H-etching produces a surface with steps of only ha
full unit cell height (7.5 or 15 Å for 6H-SiC). As discussed in Section IV, we feel that the 6H po
type of SiC is best for GaN epitaxy since these step heights then prevent the formation of sta
mismatch boundaries [6] which would be encountered for either unetched SiC or 4H materia
lowing H-etching, the SiC substrates are transferred through air to the MBE chamber. Prior to
osition, the samples are first outgassed at about 800 C for 30 minutes. To remove the surfac
formed during transfer through air, several monolayers of Si are deposited on the substrate
it is near room temperature. It is then annealed at 1000 C and the RHEED pattern is monito
starts at 3×3, then changes to 1×1, and then forms a 3×1 pattern after about an hour of annealin
This latter pattern is indicative of a√3 × √3-R30 surface reconstruction, a structure which
known to consist of 1/3 monolayer (ML = 1.22× 1015 atoms/cm2) of Si adatoms on top of a bulk-
terminated SiC bilayer [12].

X-ray measurements are performed in the triple-crystal configuration, using Cuα1 radia-
tion. TEM is done using a JEOL 4000FX operating at 300 kV. Anisotropic etching to reveal d
cations is done using 0.03 M KOH and focused illumination from a Hg arc lamp [13]. Compar
of dislocation density from the etching technique with that from TEM was performed
MOCVD-grown GaN, and good agreement was obtained between the two methods [14]. PL
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formed at a temperature of 2 K, usually using a frequency doubled Ar ion laser producing 24
excitation. In specific cases, as noted below, a He-Cd laser operating at 325 nm is used to p
a longer absorption length for the excitation.

3 Morphological Evolution During Growth

AFM images reveal that the H-etched SiC substrates consist of shallow facets, with facet a
less than the unintentional miscut of the wafer [4]. On a single facet all steps are found to hav
unit cell height, and the steps have normal vectors directed in a <1 00> direction [4]. A neig
ing facet has step normals directed in another <1 00> direction, rotated 60 from the first, an
terraces on that facet are then half a unit cell offset in height from those of the first. Consequ
half unit cell high steps occur at the intersections of the facets. The Si-cleaning procedure des
in Section II, used to remove the surface oxide, modifies the surface morphology of the SiC. F
1 shows an AFM image obtained after this Si-cleaning step. The morphology is seen to con
terraces, which are in this case separated by half unit cell high (7.5 Å) steps. Near the top
image the steps form pairs, and it is apparent that they have formed from full unit cell high s
The Si-cleaning step has apparently produced some etching of the SiC (in addition to removi
oxide which formed on the surface). The small hexagonal holes seen in the terraces of Fig.
depth of half a unit cell. Further etching causes them to merge with the step leading to the
terrace, and the step edge then acquires a very irregular shape. One subtle feature which i
visible in Fig. 1 is that the contrast on the terraces themselves is slightly irregular, suggesting
nonuniformity of the terraces. STM imaging of the same sample revealed that the surface con
a mixture of 3×3 and√3 × √3-R30 surface reconstructions, thus illustrating a problem with
Si-cleaning method in that the precise Si coverage (1/3 ML) cannot always be precisely ob

Following the Si-cleaning of the SiC, MBE growth is initiated by simultaneously expos
the substrate to the N and Ga fluxes. Figure 2 shows STM results for the morphology of a 0.
thick film, with the deposition performed at 650 C. Nucleation of the film is seen to occur
domly on the SiC terraces. The evolution of the film morphology varies with growth tempera
For high temperature (HT) growth, 650 C, the GaN grows as flat-topped 3-dimensional is
[5]. At film thickness of 4 nm the islands havenotcoalesced, whereas we expect from an estima
critical thickness of 2–3 nm that the strain in the GaN has relaxed at that film thickness [15
discussed in Section IV, the dislocations which produce this strain relaxation have Burgers
b = 1/3 <11 0>, and for thicker films the threading dislocations they give rise to all have that s
character (i.e.edge dislocations). In contrast, for low temperature (LT) growth, 600 C, the G
film at 4 nm thickness completely wets the SiC substrate [5]. This film is strain relaxed by the
mation of a network of dislocations which give rise to threading dislocations withbothedge and
screw character, as well as possibly some mixed character threading dislocations.

For thicker films, the resulting morphology reflects the dislocation content of the films.
LT growth, screw (or mixed) character threading dislocations give rise to spiral growth feat
as previously presented [5]. HT films display very few spiral growth features since they co
very few screw dislocations. The film morphology is also found to depend on the Ga/N flux r
as shown in Fig. 3. For moderately Ga-rich conditions, with Ga/N flux≈ 1.3, we find relatively flat
films interspersed with small pits as shown in Fig. 3(a). The rms roughness for that image
nm, and in regions between the pits the rms roughness is 0.5 nm. From a number of cross-se
TEM images we find a correlation of the pit location and the presence of a threading disloc
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We thus tentatively attribute the pit formation with some sort of equilibrium pit structure near
locations or perhaps with the decomposition of the GaN during growth near the dislocation
lower flux ratios≈ 1.1 the size and number of pits grows, and they often merge to form trenc
as in Fig. 3(b). Finally, for higher flux ratios≈ 1.6 the pit formation is inhibited, as shown in Fig
3(c). In that case, however, Ga droplets start to form on the surface as seen by visual inspec
the films.

4 Structural Characterization

TEM results for an optimized HT growth are shown in Fig. 4; panels (a) and (b) show the two-b
images which are sensitive to threading edge and screw dislocations, respectively [16]. A hig
sity of edge dislocations is seen near the GaN/SiC interface, and these dislocations are see
duce their number significantly by annihilation as one moves to the surface of the film. The de
of threading edge dislocations at the surface is found to be≈ 3 × 109 cm-2, and similar values are
found in other samples. These values are higher than our previously reported density of 2× 108

cm-2 [16,17]; some uncertainty in this lower value exists since some of the dislocations in tha
terminated in surface pits (rather than the surface plane) and were not counted. Conseque
2 × 108 cm-2 value is perhaps an underestimate, and a better value for that earlier sample is
8 × 108 cm-2. We have used anisotropic etching and plan view scanning electron micros
(SEM) to obtain a more accurate count of dislocation density. Results are shown in Fig. 5, w
each protrusion arises from a single dislocation or a small group of dislocations. For the gro
dislocations, close examination of the image generally allows one to estimate the number of
cations in each group. Counting the dislocation density from this and other images we arriv
value of 6× 108 cm-2. Combining the SEM and TEM results, we estimate our edge dislocation d
sity to be about 1× 109 cm-2.

Concerning threading screw dislocations, none are observed in Fig. 4(b) nor on neig
ing regions of the film that were imaged by TEM. Similar results were obtained from other s
ples. From these results we can set an upper bound of < 1× 108 cm-2 for the screw dislocation
density. A more stringent limit can be obtained by examination of AFM images such as t
shown in Fig. 3. Screw dislocations lead to growth spirals, which are easily seen in AFM im
[5]. For the case of HT optimized growth such as that shown in Fig. 3, we observe no growth s
in an imaged surface area of > 10-6 cm2, leading to a threading screw dislocation density at the s
face of < 1× 106 cm-2.

High resolution TEM images are shown in Fig. 6, for HT-growth material, with and with
H-etching. The H-etched material shows a well defined interface, with no apparent steps, a
GaN film has perfect hexagonal (wurtzite) stacking. In contrast, the film grown on the no
etched substrate shows thin regions of cubic (zincblende) stacking near the interface; thes
also show dislocation densities much higher than those obtained using H-etching. We interp
formation of the cubic stacked regions as arising from single bilayer steps present on the n
etched material, which leads to nonideal stacking as previously discussed by Torreset al. [6] and
illustrated in Fig. 7. Each bilayer of GaN on SiC can be assigned a direction, right (R) or left
as givene.g.by the direction of a N atom from a neighboring Ga (or a C atom from a Si). For
hexagonal stacking of GaN the plane orientations alternate as RLRLRL..., for 4H-SiC the or
tions are RRLLRRLL..., and for 6H-SiC they are RRRLLLRRRLLL.... If a step occurs in the S
substrate (4H or 6H) between LL or RR bilayers, as pictured in Fig. 7, then the GaN grains gro
4
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on the two terraces will have opposite orientation. Overgrowth of one grain by the other is exp
to produce regions of cubic stacking in the GaN as well as the formation of stacking faults a
junction between the cubic and hexagonal stacked material. Half unit cell high steps of 4H-SiC
also lead to such stacking defects. Full unit cell high steps of 4H or 6H-SiC, or half unit cell
steps of 6H-SiC, willnot produce the stacking defects.

In addition to TEM analysis, the structural quality of our films has been characterize
HRXRD. Table I shows average results for a number of films grown near 750 C, compar
those of other groups. Our results are comparable to those of Brandtet al. [9] who use similar sub-
strate preparation and growth methods. Similarly, these MBE results compare favorably wi
results for MOCVD growth on sapphire of Heyinget al. [1]. (Different asymmetric reflections
were measured by the groups listed in Table I, although the values can be scaled in a mann
lowing Fig. 8 of Ref. [18]). Our asymmetricω-2θ width is somewhat greater than that of Heyin
et al., but the symmetric and asymmetricω-scan widths are significantly less than theirs and t
density of screw dislocations determined for our samples is much lower than that for the MO
on sapphire growth. Recent theoretical work indicates that edge dislocations may be pref
compared to screw dislocations since, at least for full core dislocations, the latter do have st
the gap whereas the former do not [19].

5 Electrical Characterization

Temperature dependent conductivity and Hall effect measurements have been performed o
films grown on semi-insulating SiC substrates. For all our films grown with thein situSi-cleaning
step described in Section II we find a relatively high background n-type carrier concentration
ically 5 × 1017 cm-3 at room temperature. This value is derived assuming that the carriers are
formly distributed throughout the entire GaN film. Typical electron mobilities of about 50 cm2/Vs
are observed at room temperature. When the temperature is reduced down to 13 K we find t
apparent carrier concentration doesnot decrease significantly (it actually increases slightly)
would be expected for carrier freeze-out onto the donor impurities, indicating that the room
perature carrier concentration must be indicative of conductance through a much thinner r
That is, the actual electron concentration must be significantly greater than 1018 cm-3 in order to
produce the degenerate electrical behavior, and thus the thickness of this highly doped laye
be less than the total layer thickness.

SIMS measurements have been performed on the GaN films in an effort to identify the
sible source of the background donors. Carbon and oxygen concentrations are found to be
the sensitivity of the SIMS, which is 1× 1017 cm-3 and 2× 1017 cm-3 for those elements respec
tively. Si is consistently observed in the films at a level of around 1× 1018 cm-3, although the Si
concentration varies by about an order of magnitude from film to film and also shows conside
variation at different locations within the same film. A typical SIMS profile is shown in Fig. 8
Si concentration of about 1.5× 1017cm-3 is found at a point halfway through the film. An appare
increase in Si is seen near the surface, although this could be an artifact due to charging ef
the SIMS measurement. Near the SiC/GaN interface a sharp increase in the Si concentra
found. This may indicate a buildup in the Si near the interface, although some uncertainty ex
this interpretation since the ions may be sputtering the film nonuniformly (i.e. due to the disloca-
tions in the film) resulting in a premature signal from the substrate. In any case, it is clear t
substantial Si concentration exists in the films, and this can produce the observed n-type
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As discussed above, nearly all the films we have grown and characterized were pre
using thein situ Si-cleaning step to remove the surface oxide formed during transfer from th
etching apparatus and the MBE system. It is possible that the Si seen in the films arises fro
excess 1/3 ML of Si which is left on the surface after this cleaning step; the amount of Si obs
in the SIMS profiles is roughly consistent with this mechanism. To test this possibility, we h
prepared several filmswithout using the Si-cleaning step, either by overgrowing on MOCV
grown GaN or by growing on sapphire (the latter yielding N-polar material [11]). We find in
case background carrier concentrations which are 3–10 times lower than for the samples pr
with Si-cleaning, indicating that excess Si in those samples is indeed arising from the Si-cle
procedure.

6 Optical Characterization

A typical low-temperature PL spectrum obtained from our GaN films is shown in Fig. 9, obta
from a sample grown with Ga/N flux ratio of about 1.6. An intense donor bound exciton (D
line, (D0,X), at 3.47 eV is seen, with FWHM of 10 meV. Donor-acceptor (D-A) features are s
in the range 3.1–3.3 eV, and deep luminescence bands are seen near 2.8 eV (blue lumine
BL) and 2.2 eV (yellow luminescence, YL). We tentatively associate the 2.8 eV band with intr
defects such as N vacancies, as seen in Mg-containing material [20], although we do note th
ilarity of this band with one previously reported in GaN films and attributed to D-A transition
the SiC substrates [21]. The 2.2 eV band is commonly observed in GaN prepared under a
range of conditions. A set of weak lines is seen in the range 3.33–3.43 eV, as shown in the in
Fig. 9. The line at 3.40 eV has been associated with oxygen in GaN [22]. In our case, we fin
our early films which were grown without a nitrogen purifier (see Section II) that this line was
ways observed and it sometimes had a large intensity comparable to the DBE. Later films, g
with the nitrogen filter, show no evidence of this line, thus supporting its interpretation as ar
from oxygen (O). The set of lines centered near 3.35 eV have been associated with stacking
(SF) near the GaN/SiC interface [23].

Figure 10 shows the effect of substrate preparation on the spectra. The spectrum
10(a) is identical to that of Fig. 9. Figure 10(b) shows a spectrum obtained from a sample for w
the H-etching procedure was not used but the Si-cleaning of the substrate was performed
spectrum shows different D-A features than those of our other films, suggestive of a differen
purity concentration in the sample (the H-etching removes the top nm of the SiC, the
removing impurities from the surface as well). As discussed in Section IV and shown in Fig.
this sample has numerous stacking faults which define small regions of cubic stacking ne
GaN/SiC interface. The spectrum in Fig. 10(b) shows a clear set of SF lines near 3.35 eV, w
at least compared to the D-A luminescence have greater intensity that those of Fig. 10(a).
10(c) shows a spectrum obtained from a film grown without H-etching or Si-cleaning. TEM re
from this sample (not shown) indicated very poor structural quality, with numerous disloca
and stacking faults, and large regions of cubic stacking in the material. The spectrum shows i
DBE and D-A pair lines from cubic GaN [24].

Figure 11 shows the influence of the Ga/N flux ratio on the spectra, particularly for the
luminescence. We consistently find that as this flux ratio is increased, the BL feature near 2
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shows greater intensity relative to the 2.2 eV YL. This result is consistent with the expectati
N vacancy formation under very Ga rich conditions. We also note that the width of the DBE
creases with increasing Ga/N ratio, and for the least Ga rich conditions (bottom spectrum) w
an indication of a free exciton shoulder,FX

A, at 3.48 eV. The spectra in Fig. 11 were all acquire
using He-Cd excitation. An intense line at 3.448 eV is seen in the spectra, and from comp
with similar spectra acquired with frequency-doubled Ar laser excitation we can identify this
ture as arising from the He-Cd laser line which is Raman shifted by multiple GaN longitud
optical phonon energies, in agreement with the identification of Dewsnipet al. [25] .

7 Summary

In summary, we find that the use of appropriate substrate preparation and growth conditio
GaN on SiC heteroepitaxy can lead to material of relatively high structural quality. H-etchin
the substrate is important to eliminate stacking disorder in the GaN, and high growth tempe
reduces the density of screw dislocations in particular. The mechanisms underlying the dislo
formation and annihilation are fairly well understood. A background electron concentration i
mid-1017 cm-3 range is found in the films, and is tentatively attributed to Si donors arising fr
the Si-cleaning step (used to remove surface oxide formed during the sample transfer betwe
H-etching apparatus and the MBE chamber).
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supported in part by the Office of Naval Research (grants N00014-96-1-0214, N00014-96-1-
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ns
TABLE I. Values for the FWHM of triple-axis XRD lines, and the density of threading dislocatio
(TD) which intersect the surface.

                        FWHM (arcsec)          TD density (cm-2)

This work    25   [(ω-2θ (0002)] ≈ 1×109 (edge)

(MBE)    60   [ω (0002)]               < 1×106 (screw)

   75   [ω-2θ(10 4)]

   470 [ω (10 4)]

Brandt et al.     25   [ω-2θ (0002)]          < 109 (total)

(MBE,    100 [ω (0002)]

Ref. [9])     -    [ω-2θ (10 3)]a

   300  [ω (10 3)]b

Heying et al.     23   [ω-2θ (0002)]           4×108 (edge)

(MOCVD,     269  [ω (0002)]               4×108 (screw

Ref. [1])       54  [ω-2θ(10 2)]                or mixed)

   413  [ω (10 2)]

a not reported

b O. Brandt, private communication

1

1

1

1

1

1
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ave
Figure 1 AFM image of SiC(0001) surface following the Si-cleaning step. All observed steps h
a height of 7.5 Å (the small hexagonal pits are also 7.5 Å deep). Grey-scale range is 15 Å.
10



ML.
Figure 2 STM image showing nucleation of GaN on SiC(0001). Average GaN thickness is 0.3
Growth temperature is 650 C. Grey-scale range is 12 Å.°
11



ux
tions.
Figure 3 AFM images of GaN(0001) film grown at 750 C on H-etched 6H-SiC, with Ga/N fl
ratios of (a) 1.3, (b) 1.1, and (c) 1.6. Pits on the surface are seen in (a), arising from disloca
The grey-scale ranges are 5 nm, 86 nm, and 5 nm for (a)–(c) respectively.

°
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-
Figure 4  (a) and (b) Dark field two-beam TEM images of GaN films grown on H-etched 6H
SiC(0001), (a) g=[01 0] and (b) g=[0002]. Arrows mark the GaN/SiC interface.1
13



y
Figure 5  SEM image of GaN film, grown at 750 C, which has been photoelectrochemicall
etched to reveal the dislocations. The scale bar corresponds to a length of 5µm.

°

14



out
Figure 6 High resolution TEM image of GaN on 6H-SiC(0001) prepared (a) with and (b) with
H-etching. Zone axis is [2 10]. Arrows mark the GaN/SiC interface.1
15



le
Figure 7  Stacking sequence for GaN layers on SiC, illustrating the manner in which a sing
bilayer step in the SiC produces oppositely oriented GaN grains on the two terraces.
16



Figure 8  SIMS profile of Ga and Si concentration in 0.6µm thick GaN film grown on SiC at
750 C, using H-etching and Si-cleaning of the SiC.°
17



ure
Figure 9 PL spectrum for GaN films grown with Ga/N flux ratio of 1.6 and at growth temperat
of 750 C. Inset shows an expanded view of the spectral region from 3.3–3.4 eV.°
18



ndard
Si-
Figure 10 Comparison of PL spectra for samples prepared under different conditions; (a) sta
growth using H-etching and Si-cleaning, (b) without H-etching, (c) without both H-etching and
cleaning.
19



Figure 11  Comparison of PL spectra as a function of Ga/N flux ratio.
20
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