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Abstract

The reconstruction and surface morphology of gallium nitride (0001) and
(000 ) surfaces are studied using scanning probe microscopy and reflec-
tion high-energy electron diffraction. Results for bare GaN surfaces are
summarized, and changes in the surface structure and morphology due to
co-deposition of indium or magnesium during growth are discussed.

1 Introduction

Work over the past several years has identified the two families of surface reconstructions a
ated with the two c-plane surfaces of hexagonal GaN: the (0001) surface and the (000 ) s
[1-3]. Reconstructions on both types of surfaces are quite remarkable in that they consist of
lic layers of gallium, bonded onto the GaN. This is an unusual situation for two reasons: first,
semiconductor surfaces prefer to be non-metallic, since the opening up of a surface gap pro
mechanism for energy lowering of the system. Second, the separation of the Ga atoms in b
is typically 2.7–2.8 Å, considerably smaller than the lattice constant of GaN, 3.19 Å. Neverthe
at least for the (000 ) surface, the Ga atoms on the surface form a 1×1 structure with a Ga-Ga sep
aration of 3.19 Å, as pictured in Fig. 1(a). Additional reconstructions, with 3×3, 6×6, and c(6×12)
symmetry, are produced by depositing sub-monolayer quantities of Ga onto this 1×1 surface, as
pictured in Fig. 1(b). The additional Ga adatoms are bound on top of the 1×1 Ga adlayer, stabilized
by an ~ 0.5 Å lateral relaxation of the underlying Ga atoms as seen in Fig. 1(b). The bindi
these additional Ga adatoms is nevertheless relatively weak, and consequently these highe
reconstructions are stable only below ~ 300°C above which they undergo reversible order-disord
phase transitions [4].

For the (0001) surface, in the N-rich limit, we find that the surface is terminated with
arrangement of adatoms with each adatom forming three bonds to underlying Ga atoms, as p
in Fig. 1(c). Probably both N and Ga species are involved as adatoms; several different stru
have been observed including 2×2, 5×5, and 6×4, with the former two believed to consist of simpl
adatom arrangements and the latter one apparently being a more complicated reconstruct
(For the 2×2, considerable confusion exists in the literature since some reports of this recon
tion involve, we believe, arsenic contamination of the surface [5,6]). In the Ga-rich limit, we
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that there aretwo monolayers of Ga on top of the Ga-terminated bilayer [2]. Because the bon
between two Ga layers is only weakly dependent on the registration between the layers, the
oms in the top adlayer are able to adopt a more optimal lateral spacing (~ 2.7 Å), and thereby
the energy benefit of stronger Ga-Ga bonding within the adlayer [2,7]. An incommensurate r
struction thus forms, as pictured in Fig. 1(d); we refer to this structure as “1×1” (in quotation
marks) or pseudo-1×1. This situation is in contrast to the (000 ) surface, where the highly dir
tion-dependent strength [1] of the N-Ga bond leads to a strong preference for the top site re
tion [shown in Fig. 1(a)] over alternative registrations of the adlayer. Therefore, incommens
structures are not expected to occur on the (000 ) surface.

In this paper we discuss the effects of the surface reconstructions on the surface mo
ogy of growing films, for bare and adsorbate-covered GaN surfaces. Results for the bare s
are found to differ compared to those obtained with indium or magnesium overlayers; data fo
case is presented, and the effects of the overlayers on the growth kinetics is discussed.

2 Experimental

Details of the growth are similar to those previously given [1-3], and will be briefly summari
here. GaN films are grown by molecular beam epitaxy (MBE) at a temperature of typically 70°C
using a gallium effusion cell and rf-plasma nitrogen source. N-polar films are grown on sapp
and Ga-polar films are grown on Si–polar 6H-SiC(0001) substrates. The SiC substrates a
paredex-situby hydrogen etching [8]. InGaN films are grown at temperatures around 650°C, using
an effusion cell for the indium source. Typical growth rates for GaN and InGaN are 200 n
Magnesium is supplied by an effusion cell with typical cell temperature of 375°C. Ga, In and Mg
flux rates are calibrated with anin situ crystal thickness monitor, and the substrate temperatur
measured by an optical pyrometer.

3 Growth kinetics on bare surfaces

Reflection high energy electron diffraction (RHEED) observation during MBE growth of GaN
veals a characteristic behavior as one varies between growth under relatively Ga-rich and
conditions. In the former, the RHEED pattern is streaky, indicative of flat morphology, and in
latter the RHEED pattern is spotty, indicative of rough surface morphology. This behavio
been noted by a number of authors [9,10], and indeed, the transition from smooth to rough i
erally used as a definition of Ga-rich compared to N-rich growth. Atomic force microscopy (AF
imaging has been used to image this smooth to rough behavior in real-space [10]; our resu
this morphological change are pictured in Fig. 2. Figure 2(a), shows the result for a≈0.3µm thick
film grown under Ga-rich conditions. The large-scale morphology seen there, with pits and tr
es, arises from dislocations in the film, whereas on the small scale the morphology is flat a
denced by the streaky RHEED pattern shown in the inset. Figure 2(b) gives results for the
sample which was overgrown by 0.1µm GaN deposited under Ga-rich conditions (during whi
time the RHEED pattern was streaky, as in the inset of Fig. 2(a)), followed by≈15 nm GaN depos-
ited under N-rich conditions. The overall surface morphology (dominated by the effects of d
cations) is similar to that of Fig. 2(a), but on a 30 nm length-scale a distinct roughness o
surface can be seen and this roughness give rise to the spotty RHEED pattern shown in th
The results shown in Fig. 2 are for Ga-polar films, although very similar results have been obt
for the case of N-polar films [11].

An explanation for the smooth to rough behavior has been advanced by Zywietzet al.[12].
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They consider diffusion barriers for Ga and N atoms on both (0001) and (000 ) surfaces,
first-principles theoretical computations. They find firstly that the diffusion barriers are subs
tially less for Ga atoms compared to N atoms. Furthermore, the barrier for the faster moving
cies (Ga) is substantially increased on a N-terminated surface compared to a Ga-term
surface. The latter result would lead to the roughening behavior seen in experiment, assumi
the surface is terminated by at least some N under N-rich conditions. However, this assump
at least for the (000 ) surface, not consistent with either experiment or theory since they bot
a N-terminated bilayer to be energetically unstable [1]. Nevertheless, it is suggested by Zywet
al. that akineticaccumulation of N during growth may occur on the surface, since the diffus
rate of N is sufficiently slow that it may not have time to find another N atom thereby forming2
and desorbing from the surface. In this case, the surface concentration of N would indeed bu
during growth, thereby leading to the reduction in the Ga diffusion rate and the correspondin
set of rough growth.

4 Indium-covered surfaces

As discussed above, during MBE growth of GaN, the surface undergoes a transition from sm
to rough morphology when the growth condition is switched from Ga-rich to N-rich. It has b
reported that indium atoms serve as a surfactant, keeping the growth in the smooth regime
the gallium flux is slightly reduced below the transition flux [13]. However, in our earlier grow
of InGaN on GaN(000 ), such a surfactant effect was not observed [14]. Instead we foun
indium atoms had little effect on the smooth/rough transition, possibly due to the different po
of GaN used in that case. Below, we report on the smooth/rough transition of InGaN grow
both the (000 ) and (0001) faces.

We find a dramatic difference in the smooth/rough behavior between the (000 )
(0001) faces, as shown in Figs. 3(a) and (b) respectively. For both experiments, the nitroge
was kept constant. Then, a certain indium flux was applied, and gallium flux was adjusted to
the smooth/rough transition point. For comparison, dashed lines in Fig. 3 show where the tota
al flux (indium + gallium) is constant. Figure 3(a) shows that for the (000 ) face, even wh
large indium flux is applied, the gallium flux can only be reduced slightly before the growth
comes rough. In contrast, for the (0001) face, it is found that when the indium flux is applie
gallium flux can be greatly reduced (by an amount considerably greater than that of the add
dium flux) before the growth becomes rough. Thus, indium serves as a surfactant for the (
surface.

We believe the different behavior of the (0001) and (000 ) surfaces seen in Fig. 3 c
correlated with the different metal (In and Ga) content of the two surfaces – 1 ML for the (00
surface and about 2 ML for the (0001) surface [14-16]. The excess metal present in the latte
may act to prevent any accumulation of nitrogen, thus preventing the associated reduction
diffusivity. In addition, however, there is a separate mechanism which will act toincreasethe N
diffusivity when 2 ML of metal is present: we find that the equilibrium position of the N atoms
this case isbetweenthe metal layers and the resulting diffusivity for the N is significantly enhanc
compared to that when the N resides above the top layer [17]. Thus, we expect for both Ga
InGaN, under metal rich conditions, faster diffusion due to both the enhanced N diffusivity an
prevention of N accumulation. These mechanisms provide an interpretation of the kinetics
is in agreement with experiment for both the clean and In-covered surfaces, of both polarity

5 Magnesium-covered surfaces
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We have studied the effect of Mg exposure on surface morphology of GaN(0001) surfaces [1
surfactant effect of Mg is seen in the N-rich regime. Exposing the growth surface to as little a
ML of Mg under Ga-poor conditions leads to a reversal of the RHEED pattern from spot
streaky. Also, when the growth is made very N-rich by reducing the Ga flux to about one ha
that at the transition point, exposure to Mg often produces a streaky 2×2 pattern. Figure 4 shows
AFM images which present a sequence of surface morphologies during the smoothing of th
face. Figure 4(a) shows a rough film similar to the one in Fig. 2(b) grown in the N-rich regime
exposure of about 0.2 ML of Mg leads to a film which shows areas such as those in Fig. 4(b
indicated by the arrows, regions of 2-D growth start to nucleate on the rough film, where we
see atomic steps again. At about 0.7 ML Mg exposure, the surface is mostly smoothed out a
film shows morphology as in Fig. 4(c) and (d), which are images acquired from widely sepa
locations on the same sample. The morphology of Fig. 4(d) is indistinguishable from that o
2(a), but small areas of roughness are still seen in Fig. 4(c). Closer inspection reveals tha
patches of roughness follow the directions of steps, suggesting that the smoothing is a ste
process.

We believe that the presence of the Mg allows the surface to satisfy electron counting,
ing to completely filled or completely empty surface state bands, for structures containing e
1/4 ML [19] or 3/4 ML [18] of Mg substituting for Ga. Qualitatively, one expects such a surfa
to be non-reactive, and have relatively low diffusion barriers compared to the bare GaN su
Hence, a surfactant effect (smooth, 2-D growth) could be expected, although more detailed
putations are required to confirm this expectation.

6 Conclusions

In summary, we find first of all that the surface kinetics of bare GaN surfaces are dominated b
presence or absence of surface Ga layers. Most reconstructions of the surface do contain te
ing Ga layers, leading to fast surface diffusion and smooth morphology during growth unde
rich conditions. For growth under N-rich conditions, it is believed that N can accumulate on
surface, giving rise to the observed rough morphology in that case. Indium adsorbates are fo
effectively substitute for the surface gallium during growth of InGaN, because of the strong su
segregation of the indium. The number of metal (In or Ga) layers on the InGaN surface is fou
correlate with the occurrence of smooth morphology, indicating the effectiveness of multiple m
layers in enhancing the N diffusivity. Finally, for Mg adsorbates, changes in growth kinetics
tentatively attributed to a reduction in diffusion barriers since those surface reconstructions s
electron counting.
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Figure 1. Schematic illustration of surface reconstructions occurring on GaN (0001) and (0
surfaces, in the N-rich and the Ga-rich limits. (a) Ga adlayer forming 1×1 structure on the (000 )
surface; (b) additional Ga adatoms forming weakly bound arrangements on this 1×1 Ga adlayer;
(c) an arrangement of Ga-adatoms and N-adatoms on the (0001) surface; (d) incommen
double layer of Ga adatoms on the (0001) surface (the vertical displacements in the double
are shown exaggerated, for clarity).
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Figure 2. AFM images of GaN(0001) films on SiC: (a) grown under Ga-rich condition, and
grown under N-rich conditions. Grey-scale range for both images is 13 nm. The insets sho
RHEED patterns for each film, taken with the electron beam along a [11 0] direction.2
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Figure 3. Smooth/rough transition on (a) (000 ) face (N-polar) and (b) (0001) face (Ga-po
Nitrogen flux was fixed in both experiments. Substrate temperature was 600 C. Experimenta
is shown with dots, each with an error bar. A dashed line is shown in each figure for compa
denoting the line with constant total metal flux. To the right of the transition lines (solid lines)
growth is smooth.

1
°

8



ich
plete
inning
.

Figure 4. AFM images showing the surfactant effect of Mg: (a) GaN(0001) film grown in N-r
regime without Mg, (b) and (c) intermediate stages of the smoothing process, (d) com
smoothing of surface as a result of Mg exposure. The arrows in (b) point to smooth areas beg
to appear interspersed amidst the rough regions. Grey-scale range is 16 nm for all images
9
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