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The composition and structure of timetype GaN0001-(1x 1) surface of samples grown on sapphire by
organometallic vapor-phase epita@MVPE) has been determined through the use of time-of-flight scattering
and recoiling spectrometryfTOF-SARS, three-dimensional classical ion trajectory simulations, low-energy
electron diffraction(LEED), and thermal decomposition mass spectrom@#$). Elastic recoil detection was
used to determine the bulk hydrogen concentration. TOF-SARS spectra of scattered and recoiled ions plus fast
neutrals were collected as a function of crystal azimuthal rotation ahglel beam incident angle using 4
keV Ne' or Ar* primary ions in order to determine the surface termination layer, presence and location of
impurities, and possible reconstruction or relaxation. LEED, TOF-SARS, and MS were monitored as a function
sample temperature up to the point of decomposition. The totality of these data leads to the conclusions that the
(1x1) surface is neither reconstructed nor relaxed, that it is terminatedN layer, that Ga comprises the
second layer, that there are two domains rotated by 60° from each other, and that there are steps on the surface.
Hydrogen atoms are bound to the outerlayer N atoms and protrude outward from the surface with a coverage
of ~;3, monolayer, facilitating autocompensation of tfie<1) structure. The bulk hydrogen concentration is
~4x10'° atoms/cm. Evolution of gases commences-aB50 °C with the observed evolution ob,NNH,, and
H,. These results are discussed in terms of reconstruction phenomena, autocompensation, film/substrate po-
larity matching, and the role of hydrogen in stabilizing the growth of G&80163-182806)06844-Q

I. INTRODUCTION high charge density near the electronegative N atoms. Con-
cerning its effect on growth, it is believed that high growth
The group-lIl nitrides;™ specifically GaN, have a large temperatures are needed in the OMVPE process to activate
cohesive energy compared to group-1ll phosphides and arghe NH; for growth and perhaps to desorb hydrogen from the
inides. This arises from the high electronegativity of nitrogensurface® Also, in OMVPE growth, hydrogen is known to
and the partial ionic character of the Ga-N bofidghe in-  complex with Mg inp-type doping of GaN, rendering the
creased cohesive bond energy of the nitrides results in thilg electrically inactive'’*2 Only through low-energy
wide-band-gap emission which is observed in GaN-basedlectron-beam irradiatidh or high-temperature annealitfg
diodes:® and laserd.The nitrides are also chemically stable, can the H:Mg complex be dissociated to activate the Mg.
making them attractive for high-power and high-temperaturelrheoretical calculations also suggest that the H:Mg complex
device application$:3 Although different growth techniques incorporation into the GaN lattice has a lower activation en-
are used, thin films of GaN are primarily grown using eitherergy than for uncomplexed M. This is a possible explana-
molecular-beam epitaxyMBE) or organometallic vapor- tion as to why relatively large amounts of hydrogen are
phase epitaxyOMVPE). GaN films grown with either tech- found inp-type GaN while little is present in-type films®3
nique can have similar electrical propertfespwever, GaN In highly resistive(i.e., >10'° Q/cn?) GaN there can be
films grown by OMVPE typically have higher electron mo- substantial amounts of hydrogéas high as 1t cm ) as
bility and faster growth rates. well as other impuritie$O and G in the films* which sug-
Two major differences exist between the MBE andgest that these impurities are electrically compensating or
OMVPE growth techniquegl) the growth temperature and inactive. Therefore, hydrogen may chemically stabilize po-
(2) the amount of hydrogen present during growth. In MBE,tential dopant, defect, and surface sites in the lattice during
the GaN growth temperature ranges from 600—800 °C androwth.
no (or very little) hydrogen is present during the growti Since no lattice matched substrate currently exists for
OMVPE, the GaN growth temperature ranges from 1000-GaN growth!® sapphire and 6H-SiC are commonly used.
1100 °C and there is a substantial amount of hydrogehe GaN films grown on these substrates relieve strain by
present in the Nk, Ga-alkyl precursors, and in the carrier creating misfit dislocations, hence these films have little
gas(when H; is used). The nature of hydrogen in GaN as strain, but large defect densiti€s0’~10'° cm™2). GaN films
well as its role in the growth of GaN are incompletely un- have been shown to have slightly different lattice constants
derstood. A recent theoretical stidyas shown that hydro- depending on the growth substratelhis slight difference in
gen in GaN behaves very differently compared to the wellthe lattice constant can be observed in the photolumines-
established behavior in more traditional semiconductors, i.ecence peak shifts. It is not clear if hydrogen incorporation
it has a high diffusivity and a strong preference for sites withinto the lattice can reduce strain or if hydrogen migrates to
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the misfit dislocations. Films can be grown that are highlyon a sapphire wafer are investigated. The designations
resistive, suggesting that the defects are either electron trag001 and {0001 are used for the N and Ga terminated
or compensating centers. surfaces, respectively. The techniques of time-of-flight scat-
The nature of the surface termination layer and the structering and recoiling spectromet(fOF-SARS, classical ion
ture of the GaNOOOL-(1x1) surface has not been deter- trajectory simulations, LEED, and thermal decomposition
mined experimentally. Understanding the chemical bondinghass spectrometr§MS) were used in the surface analysis.
and structure of the GaN surface provides a starting point fof & bulk hydrogen concentration was determined by elastic

determining the mechanistic details from precursor decomt€coil detection(ERD). The combination of the techniques
position to incorporation into the GaN film. In addition, the allows characterization of the elemental composition in the

success of GaN electronic devices is dependent on thgutermost two atomic layers, the elements that comprise the

atomic level control of the elemental compositions. This issurface termination layer, the surface symmeiry, and possible

especially important at the interfaces where compositionjrlfconsnucnons or relaxations. In addition, TOF-SARS has
o]

changes are made, e.g., in quantum well or heterojuncti igh sensitivity to surface hydrogen and allows one to probe

structures. One simple question is the extent of (GARY e involvement of hydrogen in the surface structure.
surface reconstructions or relaxations and the possible sur-

face structures. For example, G4A$1 and GaR111, Il. EXPERIMENTAL METHODS
which would be the zinc-blende phase analogs to the wurtz-

ite GaN000% surface, are knowr to form (2x2) recon- A. GaN sample
structions with the cation terminated11-(2x2) surface 1. GaN film growth on sapphire

having a Ga vacancy surrounded by a cyclic anion structure GaN was grown on the plane{0007 of polished sap-

and the anion terminateld 1 1}-(2x2) surface having a tri- : ; g ; X )
mer structure. These reconstructions reduce the number BP're using the NRL facilities. This consisted of a vertical,

dangling bonds, thereby lowering the surface free energy anl&]ductively heated, water-cooled quartz OMVPE reactor at

producing a surface which is autocompensated. Autocomr—educed pressur&7 tory using H as the carrier ga. After

pensation is the transfer of electrons from the more electro"fmne"’Illng in B, the wafer was cooled t6-450 °C and a

positive elementggroup Ill) to the more electronegative 200-A nucleation layer of AN was grown using usnole/

elementggroup V) in order to produce a surface in which all min triethylaluminum and a 2.5-standard liters/misim)
anion dangling bonds are filled and all cation dangling bond{IOW of NH;. The subs;trate was then heated to the .grovvth
are empty; such a surface exhibits semiconducting behavio emperature of .1040 c gnd GaN was grown using 53
However, because of the large Ga-N bond energy, the resigjmole/mln or tnmethylgalhum under an Nfflow of 2.'.25
tance to relaxation or reconstruction of tk@001 surface sim. The films were uniformly doped using 8 pp_mﬁd n -
may be high. This has recently been confirmed by theoretice’(T‘2 at 20 flow rate of 0.36 standarq cubic c_ent|meters/m|n
calculations which prediti that the GaN001} surface is un- scem). ™ After growth of a 2.7um-thick GaN film, thf sub-
reconstructed and should havéla<1) surface pattern. Such Stfate was cooled In the. l\l;l—ﬂo_w at a ratg of 50 °C per
an unreconstructedlx1) surface is not autocompensated,; minute. Then-type films investigated in this study had an

N : : ectron concentration of 210" cm 2 and a mobility of
Fhf?\llvggggli?]fgsggzdiStgrig;:;gcr? r;tl;?nicmeved by bonding 25 cnf/V's. The x-ray rocking curve full width at half

The techniques of low-energy electron diffraction maximum was 350 arc sec; this is a measure of the mosaic

(LEED),®% reflection high energy electron diffraction Structure of the GaN thin film.
(RHEED),?*%? x-ray and ultraviolet photoelectron spectros-
copy (XPS and UP§!92923-2"Ayger electron spectroscopy
(AES),**? and electron-energy-loss spectroscgfy.S)*%2° The ~1x1-cn? samples were cleaned in the UHV cham-
have been used to study GaN surfaces. LEED and RHEEDer (base pressures5x10 1% used for TOF-SARS at the
results have showt?°that the well-ordered surfaces exhibit University of Houston. The samples were mounted on the
a sharp(1x1) pattern; some of the RHEED studiéhave TOF-SARS sample holder with the sapphire substrate in
found a streaky2x2) pattern. These latter studies were per-contact with a Ta plate and held together by small Ta strips
formed under a Ga-rich environment such that there was aaver the sample edges. Annealing was achieved by radiative
excess of Ga at the surface; this may explain the observedkeating and electron bombardment from a tungsten filament
RHEED pattern. The XPS and AES studie®?-?’have  mounted behind the Ta plate. Temperatures were measured
characterized the core-level binding energies and fine struddy means of pyrometer and a thermocouple which was at-
ture of the Ga_ LMM transition. It has been sugge&letat  tached to the sample; the pyrometer readings were calibrated
the clean{0003-(1X1) surface is N terminated, based on by the thermocouple. The absolute temperature measure-
AES measurements. A recendb initio total-energy ments have a maximum uncertainty @20 °C. The clean
calculatiorf® of GaN growth on SiC has shown that polarity surface was prepared by cycles of sputterifigkeV N,"
matching at the film/substrate interface plays a fundamentabns, 0.5uA/cm?, 10 min and annealing10 min using a
role in determining the lower-energy structures and, henceynamic N backfill. This procedure has been shown to pro-
the termination layer of the film. Such polarity matching will duce a clean stoichiometric surfateA faint (1xX1) LEED
only be important if the stacking sequence of the films ispattern became discernible at815 °C and evolved into a
preserved. sharp hexagondllX1) pattern at~920 °C. Upon continued

In this paper the surface and bulk compaosition, terminaheating to 1000 °C, a diffuse background and satellite spots
tion layer, and structure of a G40D0L-(1x1) film grown  around the hexagonal spots were observed, indicating pos-

2. Cleaning GaN in vacuum
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sible surface faceting. Sample cleanliness was established by Bulk-Truncated GaN{0001}-(1x1)
the absence of carbon and oxygen recoil peaks in the i
TOF-SARS spectra and the presence of a stixi) LEED <010> 0% hi00-

90°

pattern. The TOF-SARS spectra always showed the presence
of H recoils when the sharplx1) pattern was observed.
Three different GaN samples, which were all grown and <1010>
cleaned as described above, were used for the TOF-SARS
measurements. All three samples exhibited similar behavior
and yielded similar results.

<1100>

<1000>

B. Analysis techniques

LEED patterns were obtained with Princeton Research In-
struments, Inc. reverse view optics. Mass spe@#8) were
acquired with a Leybold-Inficon, Inc, quadrupole residual
gas analyzer. The technique of ERD with MeV ions, which 01005 i
is capable of both bulk and near surface analysis, was used to <0170> <0010>
determine the hydrogen concentration in GaN.

The TOF-SARS technique was used for surface elemental
composition analysis and atomic structure characterization. Istlayer @ =N
Details of the TOF-SARS technique have been described ndlayer @)
elsewheré? Briefly, a pulsed noble gas ion beam irradiates
the sample surface in a UHV chamber and the scattered and g 1. pjan view of the ideal bulk-terminated G&RIOZ sur-

recoiled ions plus fast neutrals are measured by TOF techace jllustrating the azimuthal angiassignments. Another domain

niques. The primary 4-keV beam employed herein was Ne s obtained by 180° rotation of this surface about the surface nor-
for scattering from Ga atoms and Afor recoiling of H, N,  mal. Open circles, first-layer N atoms; large solid circles, second-

and Ga atoms. The ion pulse width wa$0 ns and the pulse |ayer Ga atoms. The sizes of the circles are proportional to the

repetition rate was 30 kHz, resulting in a flux 2xX10°  atomic radii.

ions/pulse. The angular notation is defined as follows: L

a=beam incident angle to the surfacgscrystal azimuthal A typical TOF spectrum from a GgN00%-(1x1) sur-

angle, f#=scattering angle, ¢=recoiling angle, and face taken along a random azimuthal directioot aligned

B=scattering or recoiling exit angle from the surface. Aalong a high symmetry azimuthwith a grazing incident

schematic drawing of the unreconstructed @001 sur-  angle« is shown in Fig. 2. Under these conditions the ob-

face is shown in Fig. 1; th€l000 azimuth is defined as served scattering features are almost exclusively from the

6=0°. first- and second-atomic layers. The spectrum exhibits peaks
due to scattering of Ar from Ga atoms and recoiling of H, N,

C. Classical ion trajectory simulations and Ga atoms. The TOF's and corresponding energies of

these scattered and recoiled atoms are consistent with the

Classical ion trajectory simulations were carried out byhinary collision approximation. The scattering angle used
means of the three-dimensional scattering and recoiling im-

aging code(SARIC) developed at UH. SARIC is based on
the binary collision approximation, uses the ZBL universal
potential to describe the interactions between atoms, and in-
cludes both out-of-plane and multiple scattering. Details of
the simulation have been published elsewlére.

<1100> <1010>

=Ga

d=random

lll. RESULTS

A. Identification of the first-layer species
and hydrogen analysis

1. Termination layer

Elemental analysis was obtained by matching the ob-
served TOF peaks to those predicted by the binary collision
approximatiort® The first-layer elemental species was deter- .
mined by using grazing inciden¢e=6°) TOF-SARS at ran- 2 4 6 8 10 12 14 16
dom azimuthal angles and a scattering-recoiling angle of Time—Of—Flight (us)
0= ¢$=40°. Using random azimuthal angles and a low inci-
dent angle avoids the anisotropic effects of scattering along FIG. 2. TOF-SARS spectrum of 4 keV Arscattering from a
the principal low-index azimuths and provides scattering in-GaN{0001-(1x 1) surface with the ion beam aligned along a ran-
tensities which are from the first-atomic layer and exposediom azimuthal direction. Incident angle=6°; scattering angle
atoms in the second-atomic layer. 6=40°.

Relative Intensity (Counts)
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TABLE I. Calculated cross sectioris) for 4-keV Ar" scatter-

ing from Ga atoms and recoiling of H, N, and Ga atoms, relative Depth (nm)
atomic concentrations from experimental intensities along random 500 0
azimuths, and ASEA values. 100 — ’ ! ' f
90 | .
Scattering(S) and recoiling R) cross sectiongo) [A?] 80 [ Surface H peak -
06dS) ou(R) on(R) oodR) 70 [ T~ ]
0.21 0.13 0.071 0.099 &8 60 y
g 50 | ]
Relative surface atomic concentrations © 40 ¢ ]
[N]=1 [H]=0.71 [Ga]=0.091 30 | Bulk H 8
20 | l -
Experimentdl ASEA values along the 061000 and 30°(1100) 10 | .
azimuths o=~ X . | e
(I30#lgIn=1.0 (I304lp)y=1.1 (I30°/10°)ca=0.59 0 100 200 300
Channels
Simulate@ ASEA values along the 061000 and 30°(1100) _
azimuths FIG. 3. ERD spectrum of H atoms from G&#00L-(1X1) us-
(o In=1.0 (I30/1g)y=0.8 (l30/1g")a=0.17 ing I7.8 Pﬂfg/ C* ions at a grazing incidence angle of 13° and exit
angle of 15°.

Ratios of recoiling peaks for N and H and scattering peaks for Ga GaN sample on which no cleaning attempt was made. A
were used in calculating both the experimental and simulatedurface hydrogen recoil peak as well as a continuous back-
ASEA values. ground due to subsurface hydrogen were observed as shown
in Fig. 3. The absolute hydrogen concentrations were ob-
(6 =40°) is above the critical angle for Ar single scattering tained by comparison to a standard of amorphous silicon
from N atoms(6,=20.59. This results in a negligible con- which was implanted with x10'" H atoms/cri. The ob-
tribution of the N atoms to the scattering peak intensity in theserved “surface” hydrogen peak corresponds to an areal
region of 8—9us since Ar double scattering from two N density of 1.5<10'® H atoms/cr and the continuous back-
atoms (assuming two scattering angles @#=20° each  ground corresponds to a “bulk” density of 4xa0Y° H
would have a TOF of~17 us. The relative elemental con- atoms/cm. For an ideal GaN crystal, the N or Ga atom
centrations in the surface layers were obtained from spectrsurface density is 1:210'° atoms/cr and the bulk density
similar to that of Fig. 2, which were collected at five differ- is 4.4< 10?2 atoms/cri. The observed “bulk” H concentra-
ent random azimuthal angles. The relative H, N, and Gdion is low while the surface concentration is abnormally
recoil intensities were obtained from the average of thesdigh. This apparently abnormally high surface hydrogen con-
five spectra, from which concentrations were calculated aftecentration obtained from ERD results from the emergence of
background subtraction and correction for the different rethe high-energy elastically recoiled H atoms from a depth of
coiling cross sections. The cross sections were calculated some 5-10 atomic layers. The bulk sampling is down to
the binary collision approximation using the Moliere ap- ~1000 nm.
proximation to the potential function. The calculated cross
sections and relative atomic concentrations are listed in g petermination of the bulk crystallographic directions
Table I. The Ga recoiling peak rather than the scattering peak
was used for the concentration determination because coml. Composition from azimuth-specific elemental accessibilities
parison between only scattering or only recoiling peaks pro- (CASEA) method
vides more accuracy than comparison between both scatter- cASEA (Ref. 35 provides information on the relative
ing and recoiling peaks. Relative concentrations obtained iglemental accessibilities along selected low index azimuths.
this manner have an uncertainty on the order of 30%, primarhese values are useful in confirming the results from the
rily due to shadowing and blocking effects which are notejemental analysis and the crystal structure. The scattering or
corrected along the random azimuths. _ recoiling peak intensities are measured under conditions of
The high ratio[N][Ga]=6.3 from Table | provides com- |q incident anglex, low exit angleg, and alignment of the
pelling evidence that the surface is terminated in a layer of Nyaam along selected low-index azimuthsDue to the shad-
atoms and that the Ga atoms occupy the second layer. Thying and blocking effects, measurements with these inci-
intense H recoil peak was present under all conditions thaent and exit angles provide scattering and recoiling intensi-
gave rise to the clealx1) LEED pattern. The comparable ties that come from only those layers of atoms that are
intensities of the H and N recoil peaks indicates that thejirectly exposed to the vacuum. Since only the first- and
concentrations of these two elements on thel) surface  gecond-layer atoms, or atoms exposed in missing-row
are also comparable. troughs, are accessible to the beam under these conditions,
azimuth-specific elemental accessibilitidsSEA) along the
azimuths are obtained. These ASEA results are used in relat-
ERD analysis was performed with a 7.9-Me\}'Cbeam  ing the orientation of the surface symmetry elements, i.e., the
at a grazing incident angle of 13° and exit angle of 15° usingeatures of the LEED pattern, as follows. For a given ele-

3. Hydrogen analysis
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negligible because the heavier particles penetrate the H atom
shadowing or blocking cones with negligible deflection. The
Ga accessibility is extremely sensitive to azimuthal direction;
specifically, it is greatly reduced along the 30° direction,
confirming that Ga is a second-layer atom and that the 30°
direction corresponds to tH@100) azimuth(see Fig. L
The difference in the ASEA values along the principal
azimuths can be confirmed by ion trajectory simulations us-
ing the structure of Fig. 1. Simulations were performed for
ions approaching along the 0°, 30°, and 90° directions. The
30° and 90° directions present different arrangements of the
underlying atoms with respect to the first-layer atoms. Since
there are two domains on the surfdas will be shown later
the simulated ASEA values were averaged along the 30° and
90° directions for comparison to the experimental value mea-
sured at 30°. The results, listed in Table I, are in qualitative
agreement with the experimental ASEA values, i.e., the
ASEA values for H and N are azimuthally insensitive while
the ASEA value of Ga is azimuthally sensitive, exhibiting a
< minimum along the §=30° direction. The experimental
L ASEA value for Ga is less sensitive to the azimuthal angles
ZT' 4 —GofiF|1'0 hlz( 14)'5 than the simulated value. This indicates that the surface is
Ime 'ght us highly stepped because the Ga accessibility is relatively in-
sensitive to the azimuthal direction at the step edges. Quan-
FIG. 4. TOF-SARS spectra of 4-keV Arscattering from titative agreement between experiment and simulated ASEA
GaN0003-(1x1) with the ion beam directed along tH2000 (6  values is seldom obtained for highly stepped surfase®
=0°) and (1100 (6=30°) directions. Incident angle=12°; scat-  gec. ||| B 2 because the simulation uses a perfect crystal
tering angleg=40°. structure and collimated in beam whereas the experiment is

) ) ) ) . performed on an imperfect crystal using an ion beam with
ment (i), the ASEA is the ratio of scattering or recoiling finite divergence.

intensities(l) from the element along two different azimuthal

directions (x & ¢) of the crystal. Using a simple shadow 2. Incident anglea scans

cone approximation, the ASEA is equal to the ratio of the ,

number of atoméN /N, exposed to the beam in the surface Information on the subsurface structure along planes per-

6=30,90°

Relative Intensity (Counts)

unit cell of the surface phase for the two azimuths, i.e., ~ Pendicular to the surface can be obtaitfedy measuring
scattering intensity from Gé,) as a function of the inci-
(1,/15);=ASEA =[N, /N]; dent anglex along the azimuthal direction$=0° (1000 and

X .

30° (1100). At grazing «, all atoms lie within the shadow

This ratio is independent of scattering and recoiling crossones of their preceding neighbdfsAs « is increased, sub-
section corrections. surface layer atoms move out of the shadow cones of the

It will be sufficient to observe the ASEA values along the first-layer atoms. When the impact parameter required for
0° and 30° azimuths because there are two domains on tteeattering intod becomes accessible, a sharp increasgn |
surface(as will be shown later Along the 0° azimuth, the is observed due to focusing of ion trajectories at the edges of
second-layer atoms are partially shadowed by the first-layethe shadow cones. Examples of suetscans are shown in
atoms because the lateral and vertical spacings between thdfig. 5. The high scattering angle @¢&=120° is above the
are only 0.9 and 0.63 A, respectively, and the radii of thecritical scattering angle for N&N collisions (6,=44°); as a
shadow cones are of the order of 1 A. Along the 30° and 90tesult, the scattering features are dominated by quasisingle
azimuths, it is possible for the first-layer atoms to totally scattering collisions of N&Ga. Thea scans along the 30°
shadow second-layer atoms, making them inaccessible fand 90°(not shown azimuths exhibited identical features.
scattering. Example spectra used in obtaining the ASEA valThis is indicative of the existence of two different surface
ues are shown in Fig. 4 and the results are listed in Table domains that are rotated by 60°; if there would be only one
Although the degree of shadowing is different for projectilesdomain, different features of the scans would be expected.
approaching along the 30° or 90° directions due to the prox- The large peak at low results from Ne scattering from
imity of the first- and second-layer atoms, the"Agcattering  second layer Ga. The nonzero value gf &t «=0° and the
intensities from the Ga atoms along the two directions aresharp increase ingh at very low « also indicate that the
the same; this signifies the presence of two domains on thgurface has a highly stepped structure; a flat surface with few
surface. These results show that the H and N atom ASEAteps would have no observablg, lat «=0° and the first
values are independent of the azimuthal orientation. This ipeak would be at highet, i.e., ~20°-25° rather than the
possible only if the outermost layer of the crystal is com-observed position of-10°.
posed of N atoms. The H atoms are most likely bound to The smaller peaks observed in Fig. 5 at higheare due
these N atoms, constituting an overlayer. Shadowing oto scattering from subsurface Ga atoms. lon trajectory simu-
blocking of the N atoms by the overlayer of H atoms is lations are shown on the right side of Fig. 5 along planes that
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Relative Intensity (Counts)
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Relative Intensity (Counts)
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Incident Angle (deg) o g
O~0
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FIG. 5. Incident angler scans of 4 keV Né scattering intensity PSS-S
from Ga along th€1000 (5=0°) and(1100) (6=30° azimuths of g g g g g
the GaN0001-(1x1) surface. The scattering angle wés 120°. 0 e 0 0

: . ; . . ® o
lon trajectory simulations are shown on the right-hand side of the -30 0 30 60 90 120 ®°

scans along planes which are perpendicular to{€@@91 surface Azimuthal Angle (deg)
and contain the 0° and 30° azimuths. Bulk interatomic spacings

were used for the simulations. FIG. 6. Experimental azimuthal angi&scans of Né scattering

. from Ga (g, along with H ( ;) and N () recoiling from Ar" on
are perpendicular to th@0003 surface and contain the 0° the GaN0001-(1x1) surface. The projectile was 4 keV Neand
and 30° azimuths. Along=0° the N atoms in the first bi- Ar" and the conditions were=20°, ¢=30° for H, a=10°, §=40°
layer are aligned with Ga atoms in the second bilayer. PlandPr N. anda=12°, 6=90° for Ga. The solid lines are smooth curves
focusing from the first-bilayer N atoms onto the second-drawn through the data points to guide the eye. The small black
bilayer Ga atoms is possible at a critical incident angle ofdots on the N atoms represent H atoms at a full monolayer cover-
a,=57°; the experimental feature in Fig. 5 commences afY¢:
~55° and peaks at-59°. Along §=30° or 90° the N and Ga .
atoms in the first and second bilayers are also aligned in thga atoms andjand i fqr Ar recoiling of Hand N atoms as
same plane: however, the interatomic spacings along this azf function of crystal azimuthal angté TOF spectra similar
muth are different. Planar focusing from the first-bilayer N o thosg of Figs. 2 and 4 were obtained qnd the Intensities of
atoms onto the second-bilayer Ga atoms is possible at a criil® Various peaks were plotted as a functiod,aesulting in
cal incident angle ofa=42°; the experimental feature in the plots of Fig. 6. Maxima and minima are_observ_ed as a
Fig. 5 commences at37° and peaks at44°. Also note that fur)ctlon of 6. The minima are comudgnt_wnh low-index
along this azimuth the trajectories are double focused by th@ZIMuths where the surface atoms are inside of the shadow-
first-bilayer N and Ga atoms onto the second-bilayer Ga atn9 or bIock_mg cones cast by. their al|.gned,.qlosely s_paced
oms, resulting in the higher relative intensity of the subsur"€arest neighbor, resulting in low intensities. A is
face peak alongs=30° compared tos=0°. The results of _scanned,_ the atoms move out of th_e shadow cones along the
thesea scans support the structures proposed in the previodgtermemate& directions where th? Interatomic spacings be-
sections and the correspondence of the 30° direction with thg(_veen the gtoms are Ion.g,_ resulting in an INCrease in mte_n—
(1100) azimuth. As shown in Fig. 5, the simulateq values Sy The widths of the minima are related to the interatomic
(using the bulk interatomic spacingagree well with the spacings along that partlpular dlref:tlon. W|de, deep minima
rising slopes of the experimental peaks. This indicates th re expected from shor_t Interatomic spacings because of the
any change in first- and second-interlayer spacing due to r arger degree O_f rotation about required for_ atoms to
laxation is within the accuracy of the measurement, i.e., th&Merge from neighboring shadows. Schematic diagrams of
experimental uncertainty is2°, which corresponds to an the .GaN surface illustrating thg scattering and.blocklng di-
uncertainty in the interlayer spacing af0.2 A. rections are presented along with thescans of Fig. 6. The
geometrical parameters for these scans were chosen in order
to provide maximum sensitivity to the structural features,
C. Surface periodicities of the H, N, and Ga atoms different atomic masses, and different interatomic spacings
along various azimuths.
The |y 6 scan(Fig. 6) was performed in the shadowing
The surface periodicitiéé of the H, N, and Ga atoms mode, i.e., a grazing incident angle @-10° was used. The
were determined by monitoring;] for Ne scattering from data exhibit minima every 30°, with the minima labeled 0°

1. Azimuthal angleé scans
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FIG. 7. Trajectory simulations of the azimuthal anglscan for FIG. 8. Same as Fig. 7 for Arprojectiles scattering from Ga

N atoms recoiling from AF projectiles on a Gaf000L-(1x1) sur-  atoms. Exp. is the experimental data from Fig. 6 with smooth
face using the same conditions as listed in Fig. 6. Two differenicurves drawn through the data points to guide the eye.
domains were used in the simulatiori3; represents the single

domain shown in Fig. 1D, represents a single domain obtained by . .. .
180° rotation of theD, domain about its surface normal, and( and blocking cones for H atom collisions with N and Ga

+D,) represents a combination of the single domain results usin&‘tom,S IS on!y<0.3 A compared t0>1 A f(_)r Ne" and Ar+,
equivalent contributions from each domain. Exp. is the experimentollisions with N and Ga atom. By using a small exit
tal data from Fig. 6 with smooth curves drawn through the dats@ngle B, recoiled H atoms can be blocked by nearest-
points to guide the eye. neighbor N atoms. The observed periodicity arises if the H
atoms are bound to the outerlayer N atoms and protruding
and 60° being deeper than those at 30° and 90°. The 0° angLitward from the surface plane. The short H-N interatomic
60° directions correspond to th2000 and(0100) azimuths,  spacings along 0° and 60° result in overlayer recoiled H
respectively, where the N-N interatomic spacings are shortegftoms being blocked by their first-layer N neighbors. Along
and shadowing of first-layer N atoms by neighboring first-the 30° and 90° directions, the H-N interatomic spacings are
layer N atoms is most efficient. The 30° and 90° minimajonger and the recoiling H trajectories are outside of the
correspond to th€1100) and(0110) azimuths, respectively, neighboring N atom blocking cones.
where the N-N interatomic spacings are longer and shadow-
ing is less efficient. As noted earlier, shorter interatomic 2. Simulations of the azimuthal scans
spacings result in deeper and wider minima due to the larger ' _ -
azimuthal rotations required for atoms to move out of the of the N-terminated GalD003-(1x1) surface
shadow cones of their aligned nearest neighbors. Trajectory simulations of thgjlazimuthal scan are shown
The |5, 6 scan(Fig. 6) was also performed in the shad- in Fig. 7. The simulations were carried out for two different
owing mode with an incident angle ef=12°. The data also domains and for a combination of these two domains. When
exhibit minima every 30°, but in contrast to thg minima,  only a single domain is used, the azimuthal scans are not
the minima labeled 30° and 90° are deeper than those at 8ymmetrical about the 0° or 60° directions due to interactions
and 60°. Shadowing and blocking of second-layer Ga byof trajectories with the atoms of the second layer, which is
first-layer N is most efficient along the 30° and 90° direc-shifted with respect to the first layer. Combining the two
tions due to the aligned overlayer N atoms. Along the 0° andlomains results in a symmetricéiscan that is a good repro-
60° directions, the overlayer N atoms are not aligned withduction of the experimental scan. This is direct evidence for
the Ga atoms, resulting in less severe shadowing and blockhe presence of two domains with approximately equal abun-
ing. As noted above, the degree of shadowing and blockinglance.
along the 30° and 90° azimuths is not identical due to the Trajectory simulations of thegl, azimuthal scan are
relationship of the first- and second-layer atoms. The minimahown in Fig. 8. The asymmetrical features of the single
observed at these two angles have identical widths andomain calculations are obvious. Combining the results from
depths, suggesting that the surface exists in two differenthe two domains provides a symmetri¢ascan, which is in
domains; if there would be only one domain, different widthsgood agreement with the experimenéscan.
and depths for these minima would be expected. Trajectory simulations of thgylazimuthal scan are shown
The I, & scan(Fig. 6) was performed in the blocking in Fig. 9 for a H atom coverage gfof a monolayer arranged
mode, i.e., a small exit anglg=10° was used. The data according to the model of Fig. 10. The reason for usidg a
exhibit 60° periodicity with deep minima along the 0° and monolayer model is based on autocompensation predictions
60° directions, unlike the other two scans. The H atoms aras will be discussed in Sec. IV B. The asymmetrical features
too light to cause significant shadowing of the incoming Arof the single domain calculations are obvious, which shows
projectiles. However, recoiled H atoms can be blocked bythat the H recoiling trajectories are sensitive to both first-
first-layer neighboring N atoms. The radii of the shadowinglayer N and second-layer Ga atoms. This indicates that the H
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FIG. 9. Same as Fig. 7 for atoms recoiling from"Aprojectiles. FIG. 11. Trajectory simulations of the azimuthal anglscans

Exp. is the experimental data from Fig. 6 with smooth curves drawror N atoms recoiling from Af projectiles and Af projectiles
through the data points to guide the eye. The model for the H atondcattering from Ga atoms for a Ga-terminated @@001-(1x1)
site positions is that of Fig. 10. surface, i.e., the first layer is composed of Ga atoms and the second
layer is composed of N atoms.
recoil trajectories consist of predominately surface retvils
rather than direct recoils. These surface recoils are very sefitive to the screening factor of the potential function which
sitive to the underlying N interatomic spacings, which arehas not been established for H atoms. Nevertheless, the
short along the 0° and 60° directions where deep minima aréimulation using the monolayer model of Fig. 10 provides
observed and long along the 30° and 90° directions wher@ better fit to the experimental scan than a model with a full
maxima are observed. Combining the results from the twdnonolayer coverage as shown in Fig. 6.
domains provides a symmetrical scan which is in good
agreement with the experimentéliscan, with the exception 3. Simulations of the azimuthal scans
of the small minima at the 30° and 90° azimuths. This latter of the Ga-terminated Gaf0001-(1x1) surface
discrepancy is due to blocking of H atom trajectories by  gimulations similar to those of Figs. 7—9 were carried out
neighboring H(self-blocking and N atoms and is very sen- for 3 GaN00013-(1x 1) surface in which the Ga and N atoms
are exchanged, i.e., the first layer is composed of Ga atoms
. and the second layer is composed of N atoms. The results,
Autocompensated GaN {0001}-(1x1) presented in Fig. 11, show that the simulated data are in poor
agreement with the experimental data. For N recoil, the

@,,@.@ {0001} simulation exhibits the deep minima a=30° and
90°; the{0001} simulation(Fig. 7) exhibits the deep minima
.@'@.‘@ at 0° and 60°, in agreement with the experimental data of

Fig. 6. For scattering from Ga, t{6001 simulation exhibits
the deep minima a$#=0° and 60°; the{000% simulation
(Fig. 8 exhibits the deep minima at 30° and 90°, in agree-
ment with the experimental data of Fig. 6. These simulations
show that termination of the surface @901} with Ga in the
outermost layer is inconsistent with tl#escans.

Ca®a®a®
e eoe-e y
® ® ® O D. Thermal decomposition of GaN

The LEED pattern, TOF-SARS spectra, and MS of the
residual gases were monitored every 50 °C while heating a

overlayer ® =H GaN crystal. Beginning at low temperature with an un-

Istlajer @ =N cleaned sample, the LEED image was completely diffuse and
the TOF-SARS spectrum was dominated by H, C, O, and N

2nd layer . =Ga recoil peaks. At a temperature 6f700 °C, the recoil impu-

rities in the TOF-SARS spectrum began to decrease until the
FIG. 10. Plan view of the ideal bulk-terminated GaR01Z sur-  SPectrum was eventually similar to that of Fig. 2. The diffuse
face illustrating the surfacélx 1) unit cell and a proposed model LEED image evolved into &1x1) pattern at~800 °C; also
for the surface H atom sites. Open circles, first-layer N atoms; larg@t this temperature the MS exhibited sharp increases in the
solid circles, second-layer Ga atoms: small solid circles, overlayeN, ", NH,*, and H," signals. The absence of an NHKignal
H atoms. The sizes of the circles are proportional to the atomidnay be due to its relative instability and the absence of direct
radii.
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line of sight between the sample surface and the MS. Theoalesce into dimer bonds or become completely filled or
N,* and NH" signals increased by a factor 6f10° be-  empty by electron transfer from the more electropositive to
tween 800 °C and 900 °C, after which their intensitiesthe more electronegative elements. Such a situation results in
reached a plateau level which persisted to about 1050 °Gy semiconducting surface in which all dangling bonds are
The H,* signal increased monotonically by a factorefl0  gjther completely filed or empty, ie., it is
over this temperature range. The large amount of hydrogegutocompensated:*® A set of empirical autocompensation
evolved indica_tes that the hydrogen is not only on the Surfaceprinciples” have been proposéfl which are based on a
but also contained in the bulk crystal. Tte<1) LEED pat-  gimple electron counting or “bookkeeping” description of
tern began to get increasingly more diffuse and the N and Ko hymber of electrons in a system. These principles permit

recoil peaks in the TOF-SARS spectrum decreased as g preiction of chemically feasible structures and provide
temperature increased above 950 °C. an understanding of why certain structures are unstable, sub-
ject to the constraints imposed by solid state effects. Al-
though the principles are incapable of predicting which
. structure has the lowest energy, they are capable of
A. Termination of GaN{0003-(1x 1) interpreting’ the structures of all known semiconductor sur-

our results show that the G@DDOE—(le) surface is faces. We will apply these autocompensation concepts to in-

bulk terminatedn a N layer with Ga comprising the second terpretation of the results reported herein.

layer. The measured first-second-interlayer spacing agreeG% Consider ~a clean  unreconstructed N—tegrminated
with the bulk spacing within the accuracy of the measure aN{0003-(1x1) surface. All N and Ga atoms asp” hy-

) S .~ bridized, each second-layer Ga atom contribgtego each
+
ment, i.e., 0.2 A Th_e hature qf the termination _Iayer_|s of its four bonds to neighboring N atoms, and each first-layer
expected on the basis of p_olarlty mat_chlng con5|derat|on§\| atom contributes e to each of its three bonds to neigh-
between the substrate and film. Recehtinitio total energy

calculations by Capaet al?® have shown that the lowest- boring Ga atoms and to its dangling bond protruding from

energy interfaces are expected to be those on which catior%ge surface. This results in N dangling bonds which each

. . . ; : have 2e and, therefore, a deficiency de. Autocompensa-
(Haenr']%r;s t?}fet?iizjup?(;zﬁ;e/ gﬂﬁ;iﬁ:'g msssgﬂg?y(ggggnfgrenﬁt Ontion of this surface can be achieved either by reconstruction
the initial stages of the growth process. 'I{IG)@OE sapphire or by bonding of these N dangling bonds to foreign atoms

substrate is oxygen terminated, therefore initial film rowthWhiCh can donate electron density to fulfill the deficiency; H
Y9 ' 9 atoms can fulfill this requirement. Since the surface is not

I(:r;et:r? fsoaim k?ifrésaH%t\c/)vrg\?eEort]ﬁtlan?otz-tce) rﬁt%TaStJrsefar\llt?gfe(:‘t?;r]econstructed and H coverage of the N atoms was observed
_Sappnire. Fow ' pe . by TOF-SARS under all conditions where(dx1) LEED
layer is grown by initial exposure of sapphire to NHhis

most likely forms a AIN nucleation layer on which initial pattern was observed, we propose that the surface is H sta-

. . . ._bilized. The N dangling bonds each require ofiyand each
film growth in the form of Ga atoms bonding to N atoms is H atom contributes &. Therefore, in order for the surface to

Be autocompensated, orfyof the outerlayer N atoms can be

. . a2 %ound to H atoms. Considering the surface structure shown
vertical spacing along the hexagor@D01 direction is 0.63 in Fig. 10, there are four N atoms in a unit cell. With three of

A within a bilayer and 1.95 A between bilayers. Since thethese N atoms forming N-H bonds, there is a total excess of

simplest stable unit of GaN is a single bilayer consisting of 35 from the three H atoms which can be transferred to the

layer qf Ga and N atoms, if growth commences with a Gafourth N atom in order to fill its dangling bond. This results
layer, it must terminate wlita N layer. The only other ex-

: . o . in a H atom coverage of of a monolayer;: of the N dan-
erimental work known to us on identifying GaN polarit . 1.
pmatching is for GaN grown on Sin:y b%/ Sas:fki an)::i glmgr;] ?I(l)néis grr]ekbo_lr_ﬁed to H atomsl and the r_emz;l_élhalghe
Matsuokal® This work addresses the problem indirectly by Sach "€ with 2. There are several patterns in which these

measuring the XPS chemical shift of the Ga atoms near thH atoms can be distributed on a N-terminated GaN surface;
g the . ; . the model of Fig. 10 represents only one of these possibili-
surface resulting from bonding to impurity oxygen atoms.

Since the oxygen diffuses into the GaN to a depth of a fev\;[ies. This_ particular model was chos_en because its simulated
atomic layers and XPS samples a similar depth, the measurg-.scan[l:lg' % curve O+ D2)1 provides better agreement
ment is not specific to the outermost atomic’: layer TheWIth the experimentabscan(Fig. 9, expy) than any of the

iy ' other models used. For a surface covered with an ordered

; 5
cc_)nclusmﬁ was that GaN Iayer_s 0{000% and {000].}5‘ 2 monolayer of an adsorbate, one might expect to observe
SIC substrates are terminated with Ga and N, respectively, Iﬁigher order diffraction rods. This was not observed, possi-
contradiction with the theoretical predictféhand our ex- bly because H is a weak s.catterer there may be (,jifferent

perimental results on GaN/4D;. models and mixed domains of the H atom patterns, and there
may be considerable disorder in the H adlayer.

Some research groufssising MBE growth, where hydro-
gen is either totally absent or in negligible concentration,

The bulk-terminated polar surfaces of compound semihave observed streak®x2) RHEED patterns. Such@x2)
conductor surfaces are typically unstable due to the partialeconstruction could be in the form of a GEN0L-
electron occupancies of their dangling boh@ghese sur- p(2x2)-N vacancy, similar to that for Ga-rich surfaces pro-
faces achieve stability and semiconducting behavior by reposed for the GaA411}-p(2x2) structure!t’ Such a recon-
constructing in a manner in which the dangling bonds eithestruction can stabilize the surface in the absence of foreign

IV. DISCUSSION

is (--+ABAB---), where the layers are not equally spaced; th

B. Autocompensation and reconstruction
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atoms, such as H, for termination of the dangling bo@ls:  to have a monolayer of hydrogen contamination, assuming
results suggest that an important factor in the growth of highunit sticking probability. Also, there are no hot filaments in
crystalline quality GaN is the presence of hydrogen to stabidirect line of sight with the sample surface. Our results show
lize the dangling bonds of the evolving crystal surfaber-  that the concentration of hydrogen in the region from the
mination of the surface by H atoms during growth maintainssurface down to some 1 000 nf4.0x10* atoms/cr) is
sp® hybridization of the evolving Ga and N layers, resulting low, but sufficient to provide a reservoir for maintaining the
in less ionic character. observed surface monolayer hydrogen coveréiggx10®
atoms/cm). Second, the Hand NH, species are evolved
coincident with the evolution of Nresulting from thermal
C. Hydrogen in GaN growth decomposition of GaN. This indicates that hydrogen in GaN
) ] ) is bound in the lattice as tightly as the Ga and N atoms
There is plenty of hydrogen available in OMVPE growth ihemselves. For the reaction Gaba+N,, AH=1.15 eV. A
to fulfill the monolayer coveragafequirement. In the case ofgcent theoretical stuyhas shown that KHin GaN is un-
MBE growth, it has been showh*!that the use of ammonia gtaple towards dissociation into monatomic H. GaN is differ-
rather than nitrogen as a source gas results in higher crystalnt from other group I1l-V compounds in that it has signifi-
line quality GaN. The relative ease of dissociation of NH cant jonic character; the highly polarized GaN bonds provide
compared to Nhas been used to ('axplﬁinh]s result. Of the  regions of high electron density near the N atoms. The bond
p035|b_le sources of hydrogen which can incorporate into thgtrength, position, and diffusivity of the hydrogen depends
GaN film during OMVPE growth, H from decomposition of 1, jis charge stat®lt is predicted that positively chargedH
NH; is the mgig likely candidate. The N-H bond energy is aioms prefer sites near the N atoms where they can be effec-
~4.0-4.8 eV This is qualitatively observed in the initial tively screened, the H-N bond length is similar to that of
temperature for pdesorption at 800 °C, which suggests ann. | and the migration barrier is 0.7 eV, i.e., sufficiently
activation energy for bl desorption of 2.9-3.5 eﬁ‘/‘. NH;  small for high mobility even at moderate temperatures.
decomposition to form band N, should become significant Negatively charged H is predicted to reside at tetrahedral
at temperatures as low as 500 “Chowever, there is likely a jnierstitial sites and has a large migration barrier@&4 eV,
substantial barrier to Nfigas phase decomposition. Large thys a very limited mobility. Neutral hydrogerPk found to
amounts of NH compared to G&Hy); (the V/Ill ratio is  haye only small energy differences between the various sites.
typically >1000 are necessary for OMVPE growth of sto- gince our results were obtained ontype GaN, they are
ichiometric GaN films’ There are two possible reasons for consistent with the low solubility and diffusivity of H
this. First, complete decomposition of the Nté H, and N, Hydrogen termination of the GaN surface may explain the
inactivates the nitrogen for GaN growth. Second, at the,nnarent ack of surface staf¥s,e., these states are com-
OMVPE growth pressure(57 torp and temperature nensated, similar to the lack of surface states on
(1040 °Q used, there may be enhanced “annealing” due toy_terminated diamond surfaces. A recent €emisorption
dynamic adsorption and desorption of Ga and N. Recent resy g3 has confirmed that GaN appears to have surface elec-
coil ion mass spectroscopy studies showed that &gnic states near the band edges or that they might lie higher

D-terminated polycrystalline GaN surface could be con-yy i the conduction band and therefore not observable in the
verted to a H-terminated surface using NHt room  p5nq gap.

temperaturé® This study suggests that the surface may assist

in breaking the first N-H bond, allowing the NHo adsorb

onto the surface. Clearly, the breaking of the last N-H bond,

whether in the gas phase or on the surface, is potentially a V. CONCLUSIONS

rate limiting step for N incorporation into the GaN lattice. o — )
This is precisely what is observed in films cooled in an,NH 1 he most significant results on Gg001-(1x1) derived
flux. If the H is attached to the N, then this is potentially the from the LEED, TOF-SARS, MS, ERD, and simulation data

last N-H bond to be broken—the surface N-H bond. can be summarized as follows. _

(i) The experimental and simulated azimuthal scans show
that the(1x 1) surface is bulk terminated with no detectable
reconstruction or relaxation within the uncertainty of the
measurement, i.e=0.2 A

Two of the experimental results concerning hydrogen are (ii) The surface elemental analysis, ASEA values, and ex-
especially noteworthy. First, it was not possible to eliminateperimental and simulated azimuthal scans consistently show
hydrogen from the GaN surface in the TOF-SARS chamberthe following: (a) the surface is terminated & N layer with
even after cycles of N sputtering and annealing. This result Ga comprising the second layer, i.e., 48903 plane.(b)
is unprecedented in our work. In previous studies on semiHydrogen atoms are bound to the outermost N atoms with a
conductorSi*” Ge® GaAs® InAs*® GaP?*° and InP(Ref.  coverage of~3 monolayer and protrude outward from the
37)] and meta[W,3¢2Ni,° Pt>! and Ir (Ref. 53] surfaces, surface.
it was always possible to clean the surfaces to a level where (iii) Thermal decomposition of the structure commences
the hydrogen was below the TOF-SARS detection limitat ~850 °C with the evolution of B, NH,, and H, The
(<10"™H atoms/cm). This inability to eliminate hydrogen presence of NH species provides strong evidence for N-H
from the GaN surface implies that it is being replenished adonds on the surface. The high temperature required for evo-
rapidly as it is sputtered or desorbed off the surface. At thdution of the hydrogen indicates that it is as strongly bound
partial pressure of kiin our chamber, it would take- 10 sec  as the Ga and N lattice atoms.

D. Hydrogen in GaN
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