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Surface reconstructions during homoepitaxial growth of GaN (0001) are studied using reflection
high-energy electron diffraction and scanning tunneling microscopy. In agreement with previous
workers, a distinct transition from rough to smooth morphology is seen as a function of Ga to N ratio
during growth. However, in contrast to some prior reports, no evidence fe2 se@nstruction

during GaN growth is observed. Observations have been made using four different nitrogen plasma
sources, with similar results in each casex® &tructure of the surface can be obtained, but only
during nitridation of the surface in the absence of a Ga flux.

1 Introduction cited as an indicator of optimal growth conditions dur-

Significant progress has been made in the past sevefd8 MBE [3] [4]. Growth under Ga-rich conditions in
years in understanding the kinetics and the equilibriunVBE yields flat, smooth surfaces, whereas growth under
surface structures formed during growth of GaN byN—rlch_ conditions yields rough surfaces [8] [9], and we
molecular beam epitaxy (MBE) [1] [2] [3] [4] [5] [6] @Ssociate the crossover point between these morpholo-
[7] [8] [9] [10] [11] [12] [13] [14]. An important aspect gies with the reported transition betweerlland %2
of such studies is theeconstructionof the surface reconstructed surfaces [4]. A number of groups observe
formed during growth. As demonstrated by MBE stud-an intense 2 RHEED pattern during growth [3] [4],
ies of GaAs and other 1lI-V surfaces over the past sewhereas other groups, including our own, do not
eral decades, surface reconstructions as monitored i§pserve any 22 pattern during growth [9] [11]. It is
reflection high-energy electron diffraction (RHEED) areimportant to resolve this discrepancy, not only to under-
valuable real-time indicators of temperature and surfacétand the usefulness of the2as a potential indicator
stoichiometry during growth. In addition, since theof growth quality, but also to avoid incorrect assign-
(0001) and (000Ldirections of GaN are inequivalent, ments of film polarity based on the surface reconstruc-
observation of the surface reconstructions can be used tien. Some indication of a possible solution can be
distinguish the predominant film polarity [11] [12] [13] found in the previous papers, in which it is noted that the
[14] [15]. Recent studies by scanning tunneling microstype of nitrogen source used (in particular, its energetic
copy (STM) combined with first-principles theory have ion content) can affect the intensity of the observez 2
produced an understanding of most of the major recordiffraction pattern [3]. For these reasons, we have
structions for both the GaN(0001) (or Ga-face) andundertaken an exhaustive search, using multiple nitro-
GaN(000) (or N-face) surfaces [11] [12] [13] [14]. gen plasma sources, for evidence oka &tructure dur-
Despite the above mentioned progress in undering growth in our MBE system. Although va® clearly
standing the surface structures of GaN, a significant disbserve a distinct transition from rough to smooth mor-
crepancy  exists concerning one particularphology as a function of Ga to N ratio, no evidence for a
reconstruction, namely, thex2 structure of Ga-face 2x2 reconstruction during growth is found. (A2
material. This is an important structure since it has beestructurecan be obtained by nitridation of the surface at
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elevated temperature, but this is quite distinct from angood agreement with those of previous workers [8] [9]
structure which could be seen during growth with botH10], and we then focus on the controversial issues sur-
Ga and N fluxes active). Very similar results wererounding the 22 reconstruction. Consistent with the
obtained for all four of the nitrogen sources we haveesults of Tars&t al. [9], we find that homoepitaxy of
used, indicating that the ion contennist an important GaN by plasma-assisted MBE on the MOCVD grown
parameter in the results. As discussed below, we believayers yields films with smooth, flat morphology. In
that the intense X2 structures during growth reported some cases we find large growth spirals on the surface
previously may arise from the unintentional presence of13] [14]. In other cases, depending on the precise

foreign atom species on the surface. growth conditions, the surface consists join-size ter-
] races separated by trenches up to 50 nm deep, as pic-
2 Experimental tured in the AFM image of Figure 1. The RHEED

These experiments are performed in a Combinatioﬁatterns from such surfaces are Streaky, indicative of
growth and analysis system. Samples are prepared [t morphology. These films grown on MOCVD mate-
MBE using an RF plasma source to activate thenil-  rial are known to be Ga-polar, based on our prior deter-

ecules. Four different sources have been used: the firdination of film polarity [11] [12]; the MOCVD layers

from SVT Associates, the second being this same SvTAemselves are believed to be Ga-polar based on their
source combined with a home built magnetic filterd"oWth conditions and flat morphology [16] [17] [18],

which effectively removed energetic ions from this@nd overgrowth of the MBE film apparently preserves
source (as evidenced by asx reduction in ion current this pqlanty. This preservation o_f the polanty_ is consis-
emitted from the source under typical growth condi-tent with results from cross-sectional transmission elec-
tions), the third a Unibulb source from EPI Technology, 70N microscopy (TEM), in which the interface between

and the fourth being a CARS-25 source from Oxfordt® MOCVD and MBE layers is found to be practically

Applied Research. Generally, the ion content and effilnVisible, as shown in Figure 2.

ciency (in terms of growth rates) varied considerably As described by previous workers [8] [9], an abrupt
amongst the various sources. The RHEED patterns préransition in the growth morphology occurs when one
sented below were obtained with the EPI source, whickaries the Ga to N flux ratio from Ga-rich to N-rich con-

yields a growth rate of about Quin/hr for a N pressure  ditions. In the former case, the smooth flat morphology

of about k107 Torr and plasma power level of 500 W, IS obtained, as described aboye, wheregs .in t.he latter
However, we emphasize that all of the sources used gaf@Se a spotty RHEED pattern is formed indicative of a
identical results in terms of RHEED patterns as thos&2Ugh morphology. We note that the labels Ga-rich and
shown below. The Ga-face films discussed here werl)-Tich are somewhat qualitative, based primarily on the
grown by homoepitaxy using GaN on sapphire ﬁ|mSRH.EED results themsel\_/t_es, although it is generally
grown by metal organic chemical vapor depositionbelieved that the transition between these growth
(MOCVD) as an atomic-scale template. The MOCVD"egimes does in fact occur when the effective nitrogen
layers were relatively flat (RMS roughness of 0.4 nmand the gallium fluxes are equal (this is discussed @n Ref.
over a 2Qum x 20pm area) indicative of Ga-polar mate- [10] for the N-face, althc_)ugh, as shown below, a similar
rial [16] [17] [18], with surface morphology as seen bySmooth-to-rough transition occurs fboth the N-face
atomic force microscopy (AFM) very similar that @nd the Ga-face).

reported in Refs. [19] [20]. The MOCVD films were  RHEED studies of the smooth-to-rough transition
cleaned with solvents prior to being loaded into thegptained in our growth system are shown in Figure 3.
MBE chamber. In the growth chamber, they wereThpse patterns were obtained in the growth environ-
exposed to a nitrogen plasma at the typical growth teMment, with the sample at 70D and with a nitrogen

Fheratcl;re Or: Ztsm tforbabguttf] mgu:\?s prlvc;{hto g pltl-:‘nlr)g pressure of 1610~ 5Torr and plasma power level of 550
€ tha shu ?r 0 egtln fe Z thgro h : UOHS/WIth]W' Figure 3(a) shows the RHEED pattern in the Ga-rich
growin, samples were transterred through a 9a egime, displaying streaky, somewhat faint lines with no

yalve into the adjoining  analysis .Cha”?be“ WhIChevidence of any reconstruction along either theQ) b2
includes STM, low energy electron diffraction (LEED) the (100) azimuths. When the Ga flux is reduced by a

and Auger electron spectroscopy (AES). Base PressUl&tficient amount, this pattern shows a distinct brighten-

in the analysis chamber i 80! Torr. ing, as seen in Figure 3(b). We associate this brightening
of the X1 pattern with the desorption of any excess Ga
from the surface; recent STM results indicate the pres-
In this section we first provide some general results oénce of a double layer of Ga on the Ga-face in the Ga-
the homoepitaxial growth of GaN, all of which are inrich regime [13], and the transition from Figure 3(a) to

3 Results and Discussion
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(b) indicates that this Ga-rich phase is no longer stablgon for this result is simply that we have failed to
under the reduced Ga flux. We do not know the exacchieve the necessary kinetic conditions necessary to
structure of the surface which exists under the condiebtain this reconstruction. However, this explanation
tions of Figure 3(b), but presumably it consists of aseems unlikely considering both the prominence of the
bulk-terminated GaN bilayer (Ga-face oriented out-2x2 in past studies and our relatively extensive search
wards) together with some possibly mobile Ga and/or Nhrough various growth parameters. We are thus lead to
adatoms on the surface. Most significantly for the puranother explanation, namely, that the€2arrangement
poses of this study, we dwt observe any 2 recon- observed by other groups may be ektrinsic origin,
struction on this surface, despite having carefullyinvolving the presence of unintentional atoms, such as
searched for such a structure with a wide range ofs or Mg, during the GaN growth.

growth pqrameters and us_ing the various nitrogen The possible presence of arsenic in GaN MBE sys-
sources d|scgsse<_j ab_ove. Itis "T‘po”a”t to note t_h_at tqgms is not unlikely, since many of these systems were
surfacg obta|_ned N F_|gure 3(b) is not stable; waiting fi)reviously used for growing GaAs. Indeed, arsenic has
few minutes Ke. allowing for some GaN QTOWt_h) PO~ heen demonstrated to be a significant surface contami-
duces a spotty RHEED pattern, as shown in Figure 3(c ant in the growth of cubic GaN(001), producing a

This pattern is believed to arise from kinetic rougheningch‘,inge in surface reconstruction froml4o %2 [22]
of the surface due to a limited Ga diffusion in the pres 23]. The high vapor pressure of arsenic, of course

ence ofhgxrc]:es_s nitrogen or(; ths surface [9], an mterpret nakes it readily available in the gas phase when parts of
.“0’? which 1S sqpporte y recc_ant _computanonsthe chamber are heated during growth. Magnesium, a
indicating substantially reduced Ga diffusion rates on N

. commonly used dopant in GaN, may also be present in
rich QaN surfaces [21]. ) many MBE systems. In any case, the formation of the

Figure 4 shows results for the gallium flux corre- 5,5 reconstruction from some foreign atom on the GaN
sponding to the transition between rough and smoothyface is certainly a plausible structural arrangement,
surface morphology as a function of substrate tempergsince the 22 adatom structure is a very common recon-
ture. These measurements were performed by observing,ction on 3-fold symmetric semiconductor faces such
the RHEED pattern while changing the gallium effusion,g Si(111) or GaAs(111). The fact that the pattern is
_cel_l temperature. The critical flux at the transition pointgean, with widely varying intensity by different groups is
is independent of substrate temperature belowG00 .qngistent with varying amount of foreign atoms in their
and rises above this value. This is similar to the behaviqf,,um systems. In our own case, the MBE chamber
reported by Hacket al. for the X1 to 22 transition ;564 in our studies has never been exposed to As or Mg.
[4]. Based on limited measurements of the N-face, th&jnce jt was constructed, it has been used only for GaN
transition flux and its temperature dependence is S'm”ajrovvth, using Si as a doping source. Residual gas analy-
for the nitrogen and gallium faces, as shown in Figure 4js of the background gas in the growth system reveals
We performed a careful search for the2econstruc- o\ 1 trace (< 18° Torr partial pressure) amounts
tion by varying the gallium flux above and below this fHo H.O and I but all at lev-
critical transition value, for substrate temperatures0 210, and Ny as 'we as some Ny Ut a . é ev
between 600 and 860. During this search we did not els far below Fhat' which could prodpce ;lgnlflcant sur-
at any time observe the<2 during growth. face contam!natlor?. Furthermorein situ Auger

As described above we find precisely the samePectroscopy is routlnely perfqrmgd on oursample.s, and
smooth-to-rough transition as a function of decreasingIO trg_cg of any foreign species is qbserveq within the
Ga to N flux ratio as seen by previous workers, with th ensitivity (few % of monolayer) of this technique.
only exception being that we ¢t observe a concomi- Having argued above that thex2 reconstruction
tant 22 reconstruction as found in some of the priorobservedduring growth may be due to some extrinsic
reports. Several groups observe intens@ Ppatterns adsorbates, we now must emphasize thatn&imsic
during growth [1] [3] [4], some groups observe rela-2x2 structure can be obtained on the GaN surface under
tively weak patterns [2] [6] [7] [8], and other groups non-growth conditions. In particular, nitridation of the
including ourselves do not observe am@ Dattern dur- surface at elevated temperature produces half-order
ing growth [5] [9]. We consider it important to under- streaks along both the (IQRand the (100) azimuths,
stand the origin of thisx2 structure, since it have been the former of which is shown in Figure 3(d). The
cited as a indicator of optimal growth [3] [4] and it pro- RHEED pattern was obtained simply by closing the Ga
vides a potentially important signature of the film polar-shutter {.e. reducing the Ga flux to zero), thereby expos-
ity [11] [15]. Thus, we undertook the exhaustive studiesng the surface at 70Q to the activated nitrogen flux. A
described above in an effort to observe tk2 Pattern  2x2 reconstruction is obtained; similar results have been
during growth, but without success. A possible explanaebtained for sample temperatures in the range 550-
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75C°C. Other groups have also reported the occurrenciéne Ga flux is reduced by approximately a factor of four.
of a 22 pattern during growth interrupts [5]. Upon opening the Ga shutter at the substantially
reduced Ga flux, thex2 remains for several minutes,
2x2 pattern is shown in Figure 5, obtained from a Sur_but the surface begins to slowly roughen, as indicated by

face which was nitrided at 600. Much of the surface is the RHEED pattern becoming less streaky. Thus, it

disordered, consistent with the fact that the half-orde?eemﬁ thatdt_h_e»Q ma|);] exisr: undefr_ ((ajxtrﬁmely N—richh
diffraction lines seen in RHEED are not very sharp.grOWt con _|t|0ns, at_ ough we in that a smoot_
However. small domains of well-orderec2 recon-  9rowth front is not maintained even under these condi-

struction are seen throughout the image. It is importantfons‘
to realize that the RHEED pattern from the surface of4 Conclusions
Figure 5 was streaky (similar to Figure 3(d)), even
though the surface morphology is somewhat disorderegh conclusion, we have studied the RHEED patterns
and rough. This surface obtained by nitridation is thu§ormed during growth of the GaN(0001) surface. We
distinct from that obtained growth under N-rich condi-find good agreement with previous works describing a
tions (as in Figure 3(c)). Furthermore, the surfacegmooth-to-rough transition of the surface morphology as
obtained by nitridation are definitely rougher than a typa function of decreasing Ga to N flux ratio [8] [9]. In
ical Ga-rich growth surface. We thus conclude that theddition, we observe a distinct brightening of the 1
nitridation itself produces some surface rougheningRHEED pattern at this transition point, which we asso-
possibly as a result of surface decomposition in theijate with the desorption of excess gallium from this Ga-
absence of the excess Ga layers which are present in thge surface. Nitridation of the surface in the absence of
Ga-rich regime. a Ga flux produces a streaky2pattern. STM imaging

In Figure 5, a single corrugation maximum peg2 Of the resulting surface reveals a somewhat disordered

cell is observed, which is consistent with a simple ada@nd slightly rough surface, with patches of ordere? 2
tom reconstruction (but does not exclude other types deconstruction. In contrast, growth under N-rich condi-
structures such as a2 ordered vacancy reconstruc- tions produces a spotty RHEED pattern, indicative of
tion). From total energy calculations for the Ga-facehree-dimensional growth resulting from kinetic rough-
two different X2 structures are found to be energeti-€ning of the surface [9] [21]. Despite an exhaustive
cally favorable within a certain range of the allowed GaSearch, we have been unable to observeczar@con-
chemical potential: the N-adatom (H3)2and the Ga- Structionduring growth of the GaN(0001) surface, in
adatom (T4) 22 [12] [24]. The fact that ourx2 sur- contradiction to the results of some previous workers
face is formed by nitridation suggests that what wdll [2] [3] [4] [6] [7] [8]. This absence of a2 during
observe is actually the N-adatomx22 It should be growth either results from the particular choice of
emphasized that the calculations which indicate that G8rowth parameters used in our case, or, alternatively,
adatom 22 structures could be stable under Ga-richindicates that the »2 reconstruction observed by the
conditions have focused on structures witk® 2unit  Other groups is of extrinsic origin involving the presence
cells. Our recent STM results reveal that larger cellsOf unintentional atoms such as As or Mg during growth.
5x5 and &4, are needed to describe the equilibrium

structures [11] [14]. The existence of stabkb @and ACKNOWLEDGMENTS
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Figure 3. RHEED patterns of GaN(0001) surface with electron
beam along the (1D} direction. (a) Ga flux of 7280 cni”
%51 (effusion cell temperature of 1095), (b) initial pattern

with Ga flux of 6.%10' cni%s™1 (effusion cell temperature of
1085C), (c) same flux as (b) but after waiting several minutes,
and (d) same surface as (a) but after reducing Ga flux to zero.
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Figure 4. Critical gallium fluxes corresponding to the transition
between rough and smooth surface morphology as seen by
RHEED, as a function of sample temperature. The line is drawn
as a guide to the eye.
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Figure 5. STM image of surface nitrided at 8B00showing small ordered areas eR2econstruction. Sample bias =—-2.0V; tunnel
current = 0.075 nA; gray scale range = 0.3 nm.
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