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The mechanisms of growth of GaN on AIN and AIN on GaN via gas source-molecular beam epitaxy
with NH; as the nitrogen source have been investigated using x-ray photoelectron spectroscopy, low
energy electron diffraction, and Auger electron spectroscopy. The growth of GaN on AIN at low
temperatureg650—750 °C occurs via a Stranski—Krastanov 2EBD type mechanism with the
transition to 3D growth occurring a¢10—15 A. The mechanism changes to Frank van der Merwe
(FM)/layer-by-layer growth above 800°C. The growth of AIN on GaN occurred via a FM
layer-by-layer mechanism within the 750-900 °C temperature range investigated. We propose a
model based on the interaction of ammonia and atomic hydrogen with the GaN/AIN surfaces which
indicates that the surface kinetics of hydrogen desorption and ammonia decomposition are the
factors that determine the GaN growth mechanism.1@9 American Institute of Physics.
[S0021-897€09)08521-1

I. INTRODUCTION termined by reflection high-energy electron diffraction
(RHEED)] AIN films were achieved 0r§0001) and (11D)
/Al;0; substrates at 1000 and 1100 °C, respectitefy By
contrast, the GaN films were grown at 700 °C @00J)

Gallium nitride (GaN) and aluminum nitridgAIN) are
completely miscible semiconductors with band gaps of 3.4

and 6.2 eV, respectively. Several commercial application%I 0, and were highly conductive with carrier concentra
for these materials including UV-visible/optoelectronic and’ 23 ]
g P tions of 13°—10*%cm? and mobilities of 30 cfiV s?’ The

high-power, high-frequency, and high-temperature micro-
electronic devices have been realiZeliTo date, the two 9roWth of an AIN buffer layer between the GaN and the
most popular techniques for growth of these materials havé!20s did not change the electrical properties of their films.
been organometallic vapor phase epita@MVPE) and However_, tzhgese investigators did make _the key
plasma-assisted electron cyclotron resonance or radicf)—bser_vatmﬁf_g’_ that the band edge cathodoluminescence
frequency induced gas source molecular beam epitaxgpl-) intensities from the. latter GaN f|lms were 25 times
(PAGSMBB. The success and improved understanding ofréater than those from films grown directly on,@.
the OMVPE and PAGSMBE techniques have been greatly Subsequent research has resulted in a steady improve-
aided by several studies of the growth mechanisms of Gaxnent in the desired structural, chemical, and electrical prop-
and AIN on various substrates by these technidutsAn  erties of the GaN films grown by Nf+MBE. Films grown
alternative to OMVPE and PAGSMBE growth of GaN is directly on (0001 Al,O; by Powell, Lee, and Greeffeat
reactive molecular beam epitaxy which essentially replace60—-780°C exhibited carrier concentrations of 1-4
the electron cyclotron resonantgCR) or rf N, source with X 10'¥cm® and mobilities of 100-110 cftVs. A further
NH, in the MBE systenti.e., NH,—GSMBE). This last tech-  reduction in carrier concentration tox2L0'"/cm® has been
nique is currently gaining increased employment due to itslemonstrated by Yang, Li, and wadfig® and Kampet al?
inherent simplicity relative to PAGSMBE, the markedly in- by the use of an AIN buffer layer of®001) Al,O;. Through
creased purity of commercially available NHand the im-  optimization of the NH flux, Kim et al?° have been able to
proved electrical and optical properties of GaN films growngrow at 850 °C highly resistive GaN films with carrier con-
by this technique®—2* centrations <10"/cm® and mobilities as high as 200
Yoshida et al®~?° were the first to report the growth cn?/Vs. The reduction of the background carrier concentra-
of films of AIN, GaN, and A|Ga ,N alloys by tions to these levels has additionally allowed Kehal?°
NH;—GSMBE. Highly resistive and single crystallif@s de- and Yang, Li, and Warl§ to achievep-type Mg doping of
GaN without post-growth annealing. The ability to achieve

. : 24
3Author to whom correspondence should be addressed; electronic mail’™ and p-type dO_IOIng ha_s _a”0V\{ed Grandje_en al: FO fab-
Robert Davis@ncsu.edu ricate UV GaN light emitting diodes by this technique.
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Improvements in the characteristics of the nitride films(99.9995% was further purified via an inline metalorganic
and an increased understanding of the associated OMVPi€sin purifier connected directly to a leak valve mounted on
and PAMBE growth techniques were aided by severathe GSMBE chamber. Sample exposure to the;Mids ob-
studie§~!’ regarding the growth mechanisms of GaN andtained using “molecular beam” dosers similar in design to
AIN on various substrates. Similar improvements inthose employed by Bozaek al3? Collimation of the ammo-
NH;—GSMBE-derived films should also be aided by suchnia into a molecular beam focused onto the sample was
studies. As such, the authors have employed several analychieved with this doser using a 13 mm diamgmm-
cal techniques to investigate the initial growth mechanismshick glass capillary array with a 1om pore size(Galileo
of GaN on AIN and AIN on GaN by the N+ GSMBE tech-  Electro Optics, Ing. The doser-to-sample distance was fixed
nique. We show that at low growth/substrésel tempera- at 5.1 cm. This doser arrangement enhanced the ammonia
tures (T5,x<800°C), GaN growth on AIN proceeds via a flux to the sample by a factor of 10—100. Residual gas analy-
layer-by-layer plus island, i.e., a Stranski—Krastan8K) sis of the NH revealed extraneous peaks at 28 and 44 indi-
growth mechanism. At higher temperatur@s >800°C) it  cating that CO, B and CQ were the principal contaminants
proceeds via a Frank van der MerweM) layer-by-layer in the gas.
mechanism. No Volmer—Webé&vW) island growth was ob-
served. Throughout the temperature range investigated, All¥. XPS System
was observed to grow on GaN in a FM/layer-by-layer  gyperiments involving XPS were performed in a stain-
mechanism. Based on simulations of N&hd H desorption, |oqs steel UHV chamber (base presst2& 10 °Torr)
the_change in the Ga_l\_l growth mechanism frorr_l SK to FM isequipped with a dual anod®g/Al) x-ray source and a 100
attnb_uted to a transition from a f_uIIy ammonla/hydrqgen—mm hemispherical electron energy analy®é6 CLAM I1).
terminated GaN surface to a partially hydrogen-terminatedy| xps spectra reported herein were obtained at 12 kV and
surface with increasing temperature 20 mA emission current using M« radiation Qv

=1253.6eV). An XPS analysis typically required less than 1
Il. EXPERIMENTAL PROCEDURE h during which time the pressure never increased above
9x 10 Torr. Calibration of the binding energy scale for
all scans was achieved by periodically taking scans of the Au

All experiments described later were conducted using af,, and Cu 2, peaks from standards and correcting for
unique ultrahigh vacuunfUHV) configuration which inte- the discrepancies in the measured and known values of these
grated several completely independent UHV thin film growthtwo peaks(83.98 and 932.67 eV, respectivefiy A com-
and analysis systems via a 36 ft long transfer line having &ined Gaussian—Lorentzian curve shape with a linear back-
base pressure 0910~ 10Torr (see Ref. 31 for details of the ground was found to best represent the data.
transfer line and many of the associated sysjeifke ex-
periments described in this paper employed the I[lI-N3. AES/LEED
GSMBE, Auger electron spectroscogES), low-energy
electron diffraction(LEED), and x-ray photoelectron spec-
troscopy(XPS) systems.

A. Thin film growth and analysis system

The AES and the LEED optics were mounted on a six-
way cross connected to the transfer line and pumped through
the transfer line. A 3 keV, 1 mA beam was used in the AES
1. GSMBE analysis. Each spectrum was collected in the undifferentiated

) _,0 mode and numerically differentiated. An 80 eV, 1 mA beam
The GSMBE system, with a base pressure a1 was used in the LEED studies.

Torr, was designed and constructed specifically for the
growth of IlI-V nitride thin films. The sample heating stage
consisted of a wound tungsten heating filament positione
close to the back of the sample and mounted on a boron The substrates used in this research wefe5x1.5 cm
nitride disk supported by four alumina tubes connected to th@ieces cut from 3 cm diameter off-axi¢° toward (11D))
bottom of a cup-shaped molybdenum sample hotdlek.  n-type (Ny=10cm®) (0001); 6H-SiC wafers obtained
W/6%Re—W/26%Re thermocouple was employed to meafrom Cree Research, Inc. All wafers were received with an
sure the temperature of the backside of the wafer; heating-1 um n-type epitaxial layer Kly=5% 10'") on which was
profiles were controlled using a programmable microprocesgrown ~500-1000 A of thermal oxide the generation of
sor and 20 amp semiconductor current rectif@€R power  which was necessary in order to obtain a stoichiometric SiC
supply. Actual surface/sample temperatutes., those re- surface after removal via a 10 min 10:1 HF dfpThe un-
ported hereihwere measured using an infrared thermometeipolished backside of each wafer was subsequently coated via
with a spectral response of 0.8—1un and a emissivity rf sputtering with tungsten to increase the heating efficiency
setting of 0.5. The estimated experimental accuracy for thef the SiC as the latter was partially transparent to the infra-
latter temperatures was estimated tottigs °C. Surface tem- red radiation emitted from the tungsten filament heater. All
peratures to 1100 °C were easily obtained. wafers were then ultrasonically rinsed in acetone and metha-
Source materials in the GSMBE included Al, Ga, andnol, exposed to the vapor from a 10:1 buffered HF solution
NH,. Aluminum (99.9999% was evaporated from a 25 ém for 10 min, and mounted using Ta wire & 1 in. diameter
“cold lip” Knudsen cell, and Ga(99.99999% was evapo- Mo disk with an approximately 1.5 civsquare hole cut in
rated from a 25 crhdual filament Knudsen cell. The NH the center. Each wafer/Mo assembly was then fastened to a

E. Substrates and thin film preparation
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ring-shaped Mo sample holder using Ta wire and insertegnodes of AIN and GaN on (0004 6H-SiC and(0001)
into the transfer line load lock. The situ procedure used for  Al,0,. Therefore, only a brief description of the procedure
the final cleaning step of the 6H-SIiC substrates was similayill be given here.
to that described by Kapldhand Kern and Davi§ and is A series of sequential depositions, each having a thick-
described in detail elsewhetéBriefly, each SiC wafer was ness of~0.5-5 A of GaN(AIN) on AIN (GaN), were con-
annealed in the GSMBE system in a flux of 76-107°Torr  ducted until a GaN(AIN) film thickness of~35 A was
SiH, for ~15-20 min at 950-1050°C. Analysis via AES achieved. Following each deposition, XPS, LEED, and AES
and XPS revealed oxygen-free, silicon-terminated SiC suranalysis were performed. Each series of depositions and
faces which displayed eithetx1) or (3X3) LEED pattern.  analysis was completed within 12—14 h to ensure the clean-
If a (3X3) LEED pattern, indicative of the formation of a liness of the surfaces and interfaces. To determine the growth
bilayer of free silicon on the surface, was obtained, themode of the GaNAIN) film, the ratio of the initial inte-
sample was annealed in UHV at 1050 °C for 5-10 min tograted intensityl,, of the Al 2p (Ga 3p) core level from the
desorb the excess silicdh.This procedure resulted in a AIN buffer layer (OMVPE GaN film was measured against
(1x1) pattern. Growth of the AIN buffer layer was always the integrated intensityg, of the Al 2p (Ga 3p) core level
initiated on an oxygen-fre€l X 1) 6H-SiC (000]) surface. from the GaN/AIN interface. The values bf/1, were plot-

To initiate the deposition of AIN, the 6H-SiC wafer was ted against the calculated GaN thicknessgrowth rate
raised to a temperature of 1050 °C at which point the shuttex growth time. Theoretical curves for the Al (Ga 3p)
to the Al Kcell (at 1150 °G was opened. A few seconds attenuation expected from FM, SK, and VW growth modes
later, ammonia was admitted into the system which created @ere simultaneously plotted and compared with the experi-
total pressure of-10"° Torr. Growth proceeded at a rate of mentally determined attenuation to elucidate the growth

1000 A/h for approximately 15 min after which the Al cell modds). The following relations were used for the three
was shuttered. The sample was cooled in flowing ammonigyodes:
until approximately 800—900 °C at which point the ammoniag
valve was closed. The AIN films displayg@x2) recon-
structed surfaces in LEED immediately after growth and I/lo=exp(—t/h), @
cooling to about 100—200 °C. This reconstruction was sensiwheret =thickness of the growing filmy=mean free path of
tive to contamination or temperature, aglax 1) LEED pat-  the photoelectron being measurégk initial intensity of the
tern was observed several hours after growth when theubstrate core level, and=intensity of the substrate core
sample had reached room temperature. Observations viavel with a overlying film of thickness
scanning electron microscogsEM) at 10 000<Kmagnifica- SK
tion showed the films to be free of surface topography. The
films were too resistive for electrical measurements. Addi- ls/lo=(1=6)+ O exp(—t/N), 2)
tional details regarding this research have been publishedhered is the surface coverage of the film/islands.
elsewheré®4° VW
To achieve the growth of each GaN film on an AIN P _ B
buffer layer, the latter was heated to 650—800°C in Is/lo=(1=0)exp(—a/N)+ G exp—t/h), ©
10 4 Torr ammonia(50 sccm after which the Ga cellat  whereg=thickness of the film before onset of 3D growth.
1020°Q was opened and growth allowed to proceed. The  The following relation from Briggs and Se¥twas used
growth rate for these conditions was determined via crossto calculate the mean free paths of the core levels of interest
sectional SEM to be~ 2000 A/h. After the desired GaN _ 112 -2
thickness had been achieved, the Ga cell was closed. Each 0-41(aE) ™™+ 538 = monolayers, @
film was allowed to cool in flowing ammonia to approxi- Where E=kinetic energy of the photoelectroa=(pMy/
mately 600 °C after which the valve for this gas was closedNa)"® where,p=density of overlying film,M,=molecular
Films of AIN were also deposited at 800°C and Weight of film, No=Avogadro’s Number.
10 % Torr NH; on undoped(000) GaN films previously The mean free path of Al2 photoelectrons in GaN was
grown by both GSMBE in the authors’ system and OMVPE.determined to be 19 A. The mean free paths of Gf, 3p,
The other process parameters were similar to those used #d 20 photoelectrons in AIN were determined to be 19, 18,
the growth of the AIN buffer layers. The OMVPE GaN films and 6 A, respectively.
were cleaned by annealing in 19Torr NH; at 900 °C for 15
min. AElS and XPS did not detect the presence of oxygen o RESULTS
carbon’
A. Growth of GaN films on AIN

Figure 1 shows a plot of the attenuation of the Al 2
core level as a function of the thickness of the overlying GaN
films grown at 650 °C. Curves for the expected attenuation
for FM, SK, and VW growth modes are also included. The

The experimental procedure and analysis used to studil 2p core level intensity increased after the first few GaN
the growth modes of GalAIN) on AIN (GaN) were similar  depositions. This phenomenon is believed to be due to for-
to that used by Sitar, Smith, and DaViso study the growth  ward scattering effects wherein the trajectory of a photoelec-

C. Growth mode analysis
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FIG. 1. Attenuation of the Al B core level from the AIN buffer layer as a
function of overlying GaN film thickness fofT¢,=650°C. Circles
=experimental I/1,, triangles=theoretical/l, for FM layer-by-layer
growth, squarestheoretical/l, for VW growth, diamonds-theoretical
1/1, for SK growth.

tron emitted by an underlying atom is bent in the direction of
the overlying atom due to the positive charge of the nucleus
of the latte*>**This can cause an increase in the intensity of
the core levels along certain crystallographic directitins.

This effect diminished with further depositions, and the sub-
sequent data followed a curve which most closely matched
that expected for FM growth. However, at a GaN thickness (0)

of 15 A, the Al 2p attenuation again exhibited an increas- - - . | eep patterns fronia) (1 1) (0002 GaN, and(b) (2 2) (000D

ingly positive deviation from the curve for FM growth and gan fims deposited on Alf0001 at 650 and 800 °C, respectively.
approached the curves expected for SK and VW growth. An

excellent fit to the experimental data was obtained by assum-
ing SK growth with a 2D growth thickness of 10 A. determined by atomic force microscopy was approximately
Unreconstructed1x1) LEED patterns representative of 40 A, which is comparable to the20 A typically measured
those displayed throughout the entire sequence of GaN depérom high-quality OMVPE GaN surfaces.
sitions described above are shown in Figp)2The oxygen Reconstructed(2x2) LEED patterns were displayed
levels measured by AES and XPS throughout the series wetroughout the series of GaN depositions on AIN at 800 °C
either undetectable or less than 1% of a monolayer. The refjsee Fig. Pb)]. These surfaces were similarly sensitive to
resentative microstructure of the surface of the GaN filmssurface contamination and temperature as(#»2) recon-
grown at 650 °C is shown in Fig(8 for film thicknesses of structed AIN surface. Typically,1X1) LEED patterns devel-
4-5000 A. These films were type and extremely conduc- oped after 3—4 h in a vacuum of 19-10 8 Torr. The
tive. Four point probé4pp measurements showed sheet re-(2X2) reconstructed surfaces could be restored by annealing
sistances of 107 ()/sq, indicative of free carrier concentra- in 107 ° Torr NH, for 5 min. No attempts were made to de-
tions of 13%cm.** Photoluminescence spectra of thesetermine the actual structure of th@x2) reconstruction.
films showed very broad donor bound exciton emission oHowever, the theoretical work of Rapcewicz, Nardelli, and
weak intensity as shown in Fig(&. Bernholé® indicates that &2x2) N adatom reconstruction is
Figure 5 shows a plot of the Al 2 attenuation as a energetically most favorable for Ga terminat@®01) GaN,
function of GaN thickness for films grown on AIN at 800 °C. and a(2x2) N vacancy reconstruction is energetically favor-
As for the films grown at 650 °C, the Al intensity in- able for the nitrogen-terminate@001) GaN surface. The
creased after the first few GaN depositions and then desxygen levels detected by both AES and XPS from the GaN
creased to match the curve expected for FM growth. How{ilms grown at 800 °C were similarly found to be undetect-
ever, unlike GaN growth at 650 °C, the Alp2attenuation able(i.e., <1%).
continued to follow the curve expected for FM growth until The GaN films grown at 800°C were more resistive
the Al 2p was essentially undetectable. The SEM micro-(0.2—-1 MQ)) than those grown at 650 °C. Sheet resistances
graph in Fig. 8b) shows a very smooth surface containing for the former were typically too high for 4pp measurements.
occasional “pits” similar in appearance to those observed inThe carrier concentration®Ng—N,) of the 800 °C films de-
thin OMVPE GaN surfaces suggesting that layer-by-layettermined by capacitance voltag€V) measurements were in
growth was maintained at thicknesses greater than thahe range of 1—%10'/cn?. Films grown at 825°C were
sampled by XPS. The rms surface roughness of this film amore resistive with a carrier concentration of 2-5
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FIG. 3. SEM micrographs of GaN films grown on AIN buffer layer(at
(b) Wavelength (nm)

650 and(b) 800 °C.

FIG. 4. Photoluminescence of GaN films grown on AIN buffer layetaat
6 650 and(b) 800 °C.
x10'%%cm®. However, Hall measurements found=2

X 10Y/cm® and =60 cn?/V s. Photoluminescence of these
films displayed sharffull width at half maximur+=10 meV]  growth and the experimentally observed Ap Zttenuation
donor-bound exciton emission and very litBhe-A emission, occurs at=10-15 A which is also the reported Matthews—

see Fig. 4b). Blakeslee critical thickness for GaN on A This observa-
tion is clearly in line with the classical interpretation of SK
B. Growth of AIN films on GaN type growth where growth starts in a 2D fashion and then the

buildup of interfacial stress forces 3D growth. However, the
thickness of the underlying 250 A monocrystalline AIN
buffer layer exceeds the critical thickness for AIN on 6H-SiC
46 A*) and is highly defective with a large density of

A plot of the attenuation of the Gap3core level from an
OMVPE GaN film as a function of overlying AIN thickness
is shown in Fig. 6. 200FM) growth of the AIN films on the
OMVPE GaN was observed to occur. Similar results were(”
obtained for AIN growth on GSMBE GaN. No surface to-
pography was observed on the AIN surface via SEM, butthe |

AIN/GaN was observed to have cracked. The cause of the ——AlZp
cracking is currently not known. The resistivity of these AIN 12 ——FM
films were beyond the range of our experimental capabilities, Forward Scattering

and CV did not indicate any charge.

IV. DISCUSSION

A. Strain effects

Normalized Intensity

The results of the XPS CL attenuation research shown in
Figs. 1 and 5 clearly indicate that the growth of GaN on
monocrystalline AIN by NH-GSMBE initially proceeds in !
a FM/layer-by-layer mechanism between 650 and 800 °C. 0 j
We have further observed, using XPS in tandem with SEM, 0 5 10 15 20 25 30 35 40
that growth can either continue in a FM/layer-by-layer mode Thickness (Angstroms)
or switch to a 3D SK grOWth reg{me dependlng on theFIG.5. Attenuation of Al D core level from AIN buffer layer as a function
growth temperature. Further inspection of Fig. 1 reveals thagt overlying GaN film thickness foff =800 °C. Circles-experimental
the deviation from the expected Alp2attenuation for FM  1/1,, triangles=theoreticall /1 for FM layer-by-layer growth.
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1.2 ! pected for the process parameters examined. Therefore, the
3D/2D transition should not be due to a transition from Ga
accumulation to desorption.

A similar 3D—2D/(1X1)—(2X2) transition has also
been observed in PAMBE growth of GaN on various differ-
ent substrates and buffer layérs? In PAMBE, a transition
from a(1Xx1) to (2%x2) RHEED pattern and a transition from
3D to 2D growth has been reported when the growth tem-
perature is increased beyond a certain point. Similarly, an
improvement in structural, electrical, and optical properties
has also been observed. In the case of PAMBE, the transition

o s 0 s o s w s o from 3D to 2D growth and &1X1) unreconstructed surface
Thickness (Angstroms) to a (2x2) reconstructed surface was concluded to occur

when moving fran a N rich/stabilized surface to a Ga rich/

FIG. 6. Attenuation of Ga B core level from OMVPE GaN film as a  stabilized surfacé® Recently, Heldet al. have used desorp-

function of overlying AIN film thickness forTg,=800°C. Circles tion mass spectroscopyDMS) and RHEED to study

=experimental /|, for Ga 3p, triangles=theoreticall /1, for FM layer-by-

layer growth, squarestheoreticall /1, for VW, diamonds-theoreticall /I, N_HQ_GSMBE growth of G_aN and have_falso observed two

for SK growth. distinct growth regimes which they classified asNthd Ga
limited growth®® In NH, limited growth, weak2x2) recon-

structed RHEED patterns and smooth surfaces were ob-

misfit dislocati(?ns‘w(zfs(\)/vhich a substantial portion propagateseryed, whereas for Ga limited growth, transmission RHEED
into the GaN film.""*" Accordingly, there already exists & haterns indicative of 3D growth were observed.
high density of defects at the GaN/AIN interface which can’” 1o gpservations of Ga limited/N rich-stabilized sur-

act as low energy nucleation sites for misfit dislocations. faces for 3D GaN growth and NHimited/Ga-rich stabilized
To further argue against interfacial strain causing thesurfaces in 2D GaN growth for both NHGSMBE and
change in growth mode, it is worth noting that a switch fromp ApgE | respectively, supports the conclusion that surface
a 3D to a 2D growth mode with substrate temperafure hag e sses/kinetics are responsible for the observee 2D
also beoen observed using R.HEED by Powel, Lee_, aNGransition. However, a detailed understanding of the particu-
Greené” for growth of GaN directly _on(OOOJ) Al;O3 VI2 " |ar surface process influencing the growth mechanism is still
NH3_GSMBE' These RHEED.StUd'eS shqwed that f'_lmslacking. Of further concern is the difference in temperature at
grown at (i) T¢,,<760°C exhibited well-defined transmis- which the transition from{1x1)—(2x2) and 30-2D is ob-

sion spots indicative of 3D island growth and @ Tsuy  seryed to occur in PAMBE and NHGSMBE. In PAMBE,
>780°C exhibited sharp Kikuchi lines and strealy<1) the transition is observed to occur at temperatures of 600—

patlttefrn§ |Ing|caé|_ve c:)f 2,[D grothh.NAs tge lattice matCT'Tgl and675 °C, whereas in NH-GSMBE it is observed to occur at
interfacial bonding between GaN and,@h are completely 75, angoc which is 100-200°C high€r®4°52Also of

different from that of GaN on AIN, one would not expect to concern, is the observation of an Iimited GaN growth

. . ) ) ) ‘;T:egime in NB—GSMBE in cases where the NH5a ratio is
range if strain relaxation mechanisms were responsible fog 10-100

the changes in growth mechanism.

Normalized Intensity
o °© o
- (=2 oo

o
o

At this point, it is worth noting that a similar phenomena
has been observed in Si and Ge homoepitaxial MBE where
the transition temperature from 3D to 2D growth for GS,

Simultaneous to the change in growth mode from 3D toMBE using SiH,, SbHg, or GeH, is observed to occur at
2D, a change in surface structure from an unreconstructetl00—200 °C higher temperature than that which is observed
(1x1) surface afl,;<800 °C to a reconstructe@x2) sur-  to occur for solid source MBE of these materi#s>® The
face atTg,,>800°C was observed with LEED. The ob- transition from 3D to 2D growth has been proposed to be due
served improvement in the electrical and optical properties iio slow hydrogen desorption kinetics from Si which results
GaN films grown at 800 °C with the change in growth modein sight blocking of surface adsorption sites at low growth
and surface structure suggests that a more optimized growtemperatures® This theory has been supported by the ex-
regime was perhaps realized. Further, the concomitarperiments of Sakamotet al®® which showed that the addi-
change in growth mode and electrical/optical properties withtion of atomic hydrogen to the solid source growth of Siiin a
surface order and temperature suggests that the change 2D growth regime forced growth to occur in 3D fashion.
growth mode may be related to a change in the kinetics oThis suggests that surface processes such as adsorption/
one of the surface-limiting processése., adsorption, de- desorption of hydrogen and or decomposition of ammonia on
sorption, diffusion, etg. Accordingly, it is important to note GaN surfaces could also be the reason for the higher 3D-2D
that for all temperatures investigated, no Ga accumulatiotransition temperature in Nl GSMBE relative to PAMBE.
(i.e., Ga dropletswas observed to occur as evidenced by theTo further support this argument, the authors note that Yu
lack of any metallic Ga 8, 3p, or 2p features in XPS. In et al®>’ have observed that the addition of atomic H to the
addition, based on the isothermal growth phase diagram d?PAMBE growth of GaN in a regime where 2D growth is
Jenny, Kaspi, and Evan$only GaN growth should be ex- typically observed can cause growth to switch to 3D. As

B. Surface effects
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FIG. 7. Schematic illustrating the interaction of ammonia gNkith a

GaN surface. .
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noted by Tarsat al,'® the transition from 3B-2D growth Temperature (Celsius)
in PAMBE could be due to limited Ga adatom surface mo-
bility due to the presence of three nitrogen dangling bonds. |F_IG. 8. Ammonia surface coverage as a function of temperature and ammo-
these dangling bonds are instead capped with hydrogen ats flux

oms, it could further act to reduce the Ga adatom mobility, as

well as limit the incorporation of Ga. adsorption of ammonia is also assumed to occur with Jy\H

. We provide a simple model for the interaction of NH 54 H,y being formed. However, no site specificity or Ga
with GaN surfaces in MBE which shows that hydrogenig assigned to the 4.

desorption/ammonia decomposition may be the determining g, simplicity, we will start by modeling the reactiofis
factor for the NH-GSMBE GaN growth mechanism. This (j e ammonia adsorption and desorpjiéailowed by reac-
model will further explain the observation of NKGa lim- tjon (), j.e., adsorption and desorption of hydrogen from
ited growth regimes for conditions in which NFGa  GaN surfaces. Our approach is to estimate the steady-state
>10-100. surface coverage of ammonia or hydrogen on GaN and AIN
surfaces in the presence of a flux of NH his will allow the
C. Ammonia/hydrogen desorption ammonia/hydrogen surface coverage duringsNESMBE
Based on the residual gas analyzer studies of KamgrOWth to be gstimated apd accord.ingly determine the t.e.m-
et al?! for the surface cracking of ammonia on GaN, and thePerature at which ammonia desorption and/or decomposition

temperature programmed desorpti6FPD) high-resolution O GaN and AIN surfaces is rapid and not the limiting reac-
electron energy-loss spectra/electron stimulated desorptiothon‘ ion Kinei icallv d ived by th

ion angular distribution studies of the adsorption/desorption Desorpt_|on . Inetics are théca y described by the gen-
of NH5 on Si (111)%%° and NH, on GaAs(100),%° we pro- eral Polyani—Wigner expressi

pose the following sequences of reactions for describing the  desorption rate —dé/dt=v,60"exp(—E4J/RT), (5

reaction of ammonia with GaN surfaces .
wheren=the reaction order¢=the adsorbate surface cover-

NH34<NHzaq (i) age, v=the pre-exponential factor(vo=10%cn?s, v,
) =10"s, v,=10 2cn¥/s), and E4.—the activation energy
NHzag=NHoagtHag (i) for desorption. In steady-state conditions, the flux of adsor-
NHoaqt Hag=NH g+ 2H,g - (i) bates leaving the surface via desorption will be equal to the
incoming flux of the adsorbate times the adsorbate sticking

NHaqt+ 2Hag=Nogt3Hag (V) coefficient. The sticking coefficier(®) is described by

2Hae=Hzg (V) S=Sy(1— 60/ 012", (6)

2Ny Noa=Nog (Vi) No growth where Sy=the initial sticking coefficient(at #=0) and is
assumed equal to unity in the analysis, @hg, is the maxi-
mum surface coverage<(2.3x 10'°atoms/crd). The combi-

As shown in Fig. 7, the GaN growth direction is as- nation of Egs.(5) and (6) allows the determination of the
sumed to occur in thE0001] direction with a Ga-terminated steady-state surface coverage of the adsofB3ate.
surface being maintained. This is based on the fact that Based on a Redhead analysis of TPD spectra from the
growth of the AIN buffer layer was initiated on a silicon desorption of ammonia from S{111) surfaces, Dresser
terminated (0001 6H-SiC surface and that a C—SN—-Al et al®® determined that molecular desorption of NHom
interface is subsequently expected. Maintaining the same pahis surface was first order and estimated tHaje
larity across the AIN/GaN interface would lead to a Ga- =46 kcal/mol assuming,=10"/s. As illustrated in Fig. 8,
terminated surface. In Fig. 7, it should also be noted that théhese parameters were used to generate a plot of ammonia
initial adsorption of ammonia is assumed to occur molecusurface coverage versus temperature for various different
larly and explicitly at Ga surface sites. Based on the resultsmmonia fluxes. Figure 8 clearly shows that for(8L1), a
of Dresseret al®® and Tanaka, Onchi, and Nishijittsfrom  fully ammonia-saturated surface would be maintained up to
studies of NH adsorption onto S{111), some dissociative temperatures of 600 °C. Due to the increased electron sharing

GagtNyg=GalN, (vii) GaN growth.
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between the electron deficient Ga surface atom and the un- 07

bonded electron pair on the Nkholecule, it is reasonable to

expect that the Ga—Njbond is stronger than the Si—NH

This could lead to a highéeg 4. for NH5 from GaN and thus,

push the equilibrium NElsaturation surface coverage shown

in Fig. 8 to higher temperatures. However, the important

feature to clarify here is that if NfHadsorption is predomi-

nantly molecular, decomposition of adsorbed J\igecies to

NH, (reactions ii—iy will be prohibited due to saturation of

all surface sites with Nk as well as possible steric hin-

drance effects. Thus temperature¥00 °C are needed to

provide open surface sites for dissociation of adsorbed NH

species into NKand Hyg o 200 400 600 200 1000
Desorption of hydrogen on GaN may occur from both Temperature (Celsius)

Ga and N sites. Chiangt al % using isothermal analysis and

direct recoil time-of-flight mass spectroscopy have recentlyF'G. 9. Hydrogen surface coverage on Ga sitef0601) GaN as a function

determined that deuterium desorption from Ga sites on Ar °f temperature and atomic H flug/cn s).

sputter cleaned polycrystalline GaN surfaces is second order

with an activation energy of 9 kcal/mol. The findings of a nitrogen site on a nitride surface to support this assump-

these authors for H desorption from Ga are similar to those:. ; .
. _ on. However, hydrogen desorption sites from polycrystal-
for hydrogen desorption from Ga in GaAs where a seconsI Wev ydrog bl ! polycry

der d i tivati t 13 keal/mol ine MoN with Eg.&=50kcal/mol have been reported by
oraer _esozp lon ‘activation energy o Kcalimo WasChoi, Lee, and Thompsdfi.For hydrogen desorption from
determined” Second order desorption is consistent with the

following recombinative desorotion mechanism AIN, we considered hydrogen desorption from nitrogen sites
oflowing reco ative desorption mechanis in AIN to be similar to hydrogen desorption from nitrogen

2D,45—GaD,—Dy g + Ga. (77 sites on GaN surfaces, and h_ence, assurri_éggs

=55kcal/mol. For hydrogen desorption from Al sites on

Chianget al. speculate that the rate limiting reaction in AIN, we used the experimentally determined activation en-
this expression is actually diffusion of the deuterium to Gaergies of hydrogen desorption from metallitl1) Al sur-
sites and that Pdesorption is rapid. Unfortunately, Chiang faces which are 17 kcal/mol for zeroeth order desorption
et al. did not provide information regarding hydrogen de- kinetics’* An activation energy of 17 kcal/mol and second
sorption from nitrogen sites except that it is complete byorder desorption kinetics were assumed in the calculations
600 °C. This is supported by the ammonia and deuteriunglescribed herein.

TPD studies of Shekhar and Jen$eon N, sputter-cleaned Using EgedHga=9kcal/mol, Eg.dHa)=17 kcal/mol,
OMVPE GaN films grown on AlO;. Their TPD studies Eg(Hy)=55kcal/mol, v,=10"2cn?/s, Sy=1 and 6.
showed a peak in Pdesorption at=500 °C for low surface  =2.3x 10'%cn?, plots of hydrogen surface coverage on Ga,
coverage’s which shifted to 350—-400 °C with saturated surAl, and N sites of GaN or AIN surfaces were generated as a
face coverage’s indicative of second order desorption kinetfunction of temperature for various ammonia fluxesee

ics. However, their TPD studies were not successful in deFigs. 9—1). As can be seen in Fig. 9, very little hydrogen
termining whether the desorption was from Ga or N sitesremains adsorbed to Ga at any temperature except for ex-
The presence of incompletely dissociated ,Nd tempera-  tremely large fluxes of ammonia (30cn?s). However, for
tures of >750°C is supported by the DMS studies of Held ammonia fluxes of 16—10"¥/cn?s (i.e., typical Ns—MBE

et al>® which observed the evolution of hydrogen when am-
monia saturated surfaces were exposed to Ga at this tempera-
ture. Further support for N—H bonding on GaN/AIN surfaces 12
at higher temperatures is provided by Fourier-transform in-
frared studies of the interaction of Ntnd trimethyl alumi-
num on AIN/ALO; surfaces by Liu, Bertolet, and Rog8ts
and the soft x-ray photoemission spectroscopy studies of the
adsorption of NH on SiC, LiGaQ, and GaN by Klauser,
Kumar, and Chuang/.

Based on the earlier observations, we have estimated%
that hydrogen desorption from nitrogen surface sites on GaN -2 %4
is second order with an activation energy of 55 kcal/mol.
This estimation is based on the similar bond energies of hy-
drogen to nitrogen and silicon in ammonia and silé®&1.8
and 393.3 kJ/mol, respectivef§ and the determination of EIRAA 3;0 o e
second order desorption kinetics of hydrogen fron(13i1) Temperature (Celsius)

with Eges=57.5 kcal/mol by Schulze and Her_lz_f@r.'l'here FIG. 10. Hydrogen surface coverage on Al siteaf01) AIN as a function
have been no reports dfy.sfor hydrogen specifically from  of temperature and atomic H flu#/cn? s).
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12 gen desorption and ammonia desorption/decomposition is
fast enough that only a partially hydrogen-terminated surface
can be maintained. The increased desorption kinetics leads to
a decreased residence time for adsorbed nitrogen species,
and hence, the GaN growth rate becomes; kesidence time
limited. Further, the lack of hydrogen on the surface can also
lead to decreased surface coverage and or residence time for
adsorbed nitrogen species due to increased recombinative de-
sorption of molecular Bl
Figure 11 shows that for higher NHfluxes of
107°—10*%cn? s characteristic of chemical vapor deposition
; T " i ' (CVD) growth, hydrogen saturated surfaces are maintained
° w0 . Temp?fam (égisius) e e up to temperatures of 950—1050 °C. This is the temperature
range in which OMVPE growth of high-quality GaN is ob-
FIG. 11. I-_|ydrogen surface coverage on N site¢08f01) GaN and/or AIN served to occur. This suggests that the need for high tem-
as a function of temperature and atomic H figcn? 5. peratures in CVD growth of GaN is not to decomposesNH
per se, but to increase the kinetics to the point that the sur-

conditions hydrogen is stable on Al sites on AIN surfaces to 2C€ can handle the large fluxes of species impinging on it.
temperatures of 100°C, see Fig. 10. In contrast, Fig. 1further, based on comparisons betweensNEBSMBE and

shows that saturation of nitrogen sites with hydrogen is obPAMBE, these results indicate that the presence of hydrogen
served to occur for all fluxes to temperatures of 550 °C. FigS€rves to stabilize nitrogen on the growing GaN surface.
ure 11 also shows that desorption of hydrogen from nitrogen _

sites is nearly complete at 600 °C for low ammonia fluxesP- AIN growth mechanism on  (0001) GaN

which is consistent with the observations of Chiatgal % As shown in Fig. 6 AIN growth on GaN is observed to
and Shekhar and Jen§@mnd lends support to our assump- occur by a layer-by-layer mechanism. This complements the
tions for the activation energy for desorption of hydrogenresearch by Sitar, Smith, and DaVisn which it was ob-
from nitrogen. Further inspection of Fig. 11 reveals that forserved that in ECR—MBE, AIN grows in a layer-by-layer
ammonia fluxes of 1¥-10"%cn¥s, hydrogen desorption fashion on both AlO; and SiC. By the same method, we
does not become significant until temperatures of 700-have additionally observed 2D FM/layer-by-layer growth of
800 °C. This is exactly the temperature range in which thealN on (0001 6H-SiC by NH,—GSMBE. Further, the ob-
3D—2D transition is observed to occur for GaN growth by servation of 2D growth in the 750—900 °C range is consistent

NH;-GSMBE. with our model for NH/H decomposition and desorption
Based on the earlier findings, it now seems reasonable teontrolling the growth mode.

ascribe the observed change in GaN growth from SK to FM
with increasing temperature to reactive site blocking by in-v, SUMMARY
complete desorption of hydrogen and or decomposition of
ammonia on GaN surfaces. For typical NHGSMBE fluxes
and at temperatures below 700 °C, Figs. 8 and 11 show th

the GaN surface is saturated with undecomposed or partiall Hg—%Sh/:BE.t;he grv(\),t\/\r/]t? mechaplsm_?f r(]BaN OdanIN WaSSK
decomposed ammonia which effectively blocks reactive sur- ependent on the gro emperature, it changed from a SK-

face sites for NH decomposition to Niland H,y4 as well as type growth to a FM-type growth with increasing .te_mpera-
preventing incorporation of Ga into the GaN lattice. At ture. A change in the surface structure and a drastic improve-

: o . ment in the electrical and optical properties of the resulting
higher temperaturesT, 780°C), hydrogen desorption/ . ) .
ammonia decomposit%cu)fis more complete leaving moreGaN films were observed fql!owmg the change in the growth
open reactive sites for NHdehydrogenation with which to mode. At 650°C, the transition from 2B3D growth for a

incorporate the incoming Ga. As suggested by Chiengl. ?l\ijlllmech%nl?m octcurred att?] film thcl_mess of 18_15 é.fA
and other®72 and as observed by the DMS results of Held ' . @Y er-Dy-layer type growth mechanism was observead for

et al, Fig. 9 shows that adsorbed Ga atoms and Ga surfac%o'{h GaN on AIN and AN on GaN at temperaiures

sites can act to catalyze the decomposition ofsNi the >750 °C. Based on simulations of the adsorption/desorption
3 .

GaN surface via rapid desorption of hydrogen from the sur-Of ammonia and hydrogen on AlN. and GaN surfaces, -the

face. This would explain the Ga/NHimited regime ob- change in the GaN growth mechanism from SK to FM with

served by Helcet al® At the low temperatures where a Ga temperature was attributed to a change from a surface satu-

limited GaN growth regime is observed by Heddal, the rated with ammonia and hydrogen to a partially saturated

GaN surface is saturated by hydrogen/undecomposed ammggrface.
nia and hydrogen desorption/ammonia decomposition is en-
hanced and accelerated by the presence of adsorbed Ga QEKNOWLEDGMENTS
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