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1. Summary of results during the funding period

During the grant period the work was focused on the heteroepitaxial growth and doping of
GaN films by the method of Electron Cyclotron Resonance microwave plasma assisted
Molecular Beam Epitaxy. Work was also initiated in the growth of AIN.

1.1 Growth of GaN by ECR-assisted MBE

High-quality GaN films have been grown on a variety of substrates by electron cyclotron
resonance microwave plasma-assisted molecular beam epitaxy (ECR-MBE). The films
were grown in two steps. First, a GaN-buffer was grown at low temperature and then the
rest of the films was grown at higher temperatures. We found that this method of growth
leads to a relatively small two-dimensional nucleation rate (- 20 nuclei/tm 2h) and high
lateral growth rate (100 times faster than the vertical growth rate). This type of quasi-
layer-by-layer growth results in a smooth surface morphology to within 100 A. Growth on
Si(100) leads to single-crystalline GaN films having the zinc-blende structure. Growth on
Si(1l1) leads to GaN films having the wurtzitic structure with a large concentration of
stacking faults. The crystallographic orientation and the surface morphology of GaN films
on sapphire depends on the orientation of sapphire. To this date, the best films were grown
on the basal plane of sapphire. For more details see Appendix A.

1.2 Growth and doping of GaN films by ECR-assisted MBE

We report on growth, doping and characterization studies of GaN films produced by the
Electron Cyclotron Resonance microwave plasma assisted Molecular Beam Epitaxy. The
films were grown heteroepitaxially on sapphire (0001), whose surface was converted into
atomically smooth AIN by plasma nitridation. The GaN films were grown in two tempera-
ture steps, a process found to promote the layer-by-layer growth mode. ECR plasma con-
ditions to grow either n-type autodoped or semi-insulating GaN film were identified. The
structure and microstructure as well as the electrical properties of these two classes of
films are discussed. A systematic dependence between electron mobility and net carrier
concentration was found, which predicts that the mobility of GaN with a net carrier con-
centration of 1014 cm3 is about 104cm 2IV.sec. The insulating films were intentionally
doped either p-type or n-type by incorporation of Mg or Si during film growth. Hole or
electron concentrations at 300K between 1018 - 1019 cm 3 have been obtained without
requiring any post-growth treatment. For more details see Appendix B.

1.3 High mobility GaN films produced by ECR-assisted MBE

High electron mobility autodoped GaN films were produced by the ECR assisted MBE

method. The net electron concentration was varied systematically from 2 x 1019 to 2 x

1017cmn3 by controlling the active nitrogen overpressure. Correspondingly, the electron

mobility increased from 20 to 210 cm 2IV.sec. The line through the experimental data also
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predicts the electron mobilities of GaN films produced by the CVD methods. For more

details see Appendix C.

1.4 Electron transport mechanism in gallium nitride

The electron transport mechanism in autodoped gallium nitride films grown by electron
cyclotron resonance microwave plasma-assisted molecular beam epitaxy was investigated
by studying the temperature dependence of the Hall coefficient and resistivity on samples
with various concentrations of autodoping centers. The Hall coefficients go through a
maximum as the temperature is lowered from 300 K and then saturate at lower tempera-
tures. The resistivities in the same temperature range initially increase exponentiaiiy and
then saturate at lower temperatures. These findings are accounted for if a significant frac-
tion of electron transport, even at room temperature, takes place in the autodoping centers
and that conduction through these centers becomes dominant at lower temperatures. The
activation energy of these centers was found to be on the order of 20-30 meV. When the
concentration of the autodoping centers becomes smaller than that of deep compensating
defects, the material becomes semi-insulating and transport by hopping in the compensat-
ing defects becomes dominant. For more details see Appendix D.

1.5 Metal contacts to gallium nitride

We report measurements on the nature of aluminum and gold contacts to GaN. The GaN
films were deposited onto the R-plane of sapphire substrates by molecular beam epitaxy
and are autodoped n-type. Metal contacts were deposited by evaporation and were pat-
terned photolithographically. Current-voltage characterization shows that the as-deposited
aluminum contacts are ohmic while the as-deposited gold contacts are rectifying. The gold

contacts become ohmic after annealing at 575 'C, a result attributed to gold diffusion. The
specific contact resistivity of the ohmic aluminum and gold contacts were found by trans-

fer length measurements to be of device quality (10-7 - 10-8 CIm 2). The results of these
studies suggest a direct correlation between barrier height and work function of the metal,
consistent with the strong ionic character of GaN. For more details see Appendix E.

1.6 Heteroepitaxy, polymorphism and faulting in GaN thin films on
silicon and sapphire substrates

The structure of GaN films grown by electron-cyclotron-resonance-assisted MBE on
Si( 11), Si(001), basal-plane sapphire, a-plane sapphire and r-plane sapphire substrates
was studied with four-circle x-ray diffractometry. Phase content, domain size, inhomoge-
neous strain and in-plane and out-of-plane domain misorientations were measured and
compared for films grown on each type of substrate. Wurtzite and zincblende polymorphs
were found to coexist in films grown on Si( 111). The two structures grow in the (0002)
and (111) orientations respectively so that they may transform into each other via stacking
faults on close-packed planes. Smaller amounts of zincblende material were also found in
predominantly (0002) wurtzitic films on a-plane sapphire and (1120) wurtzitic films on r-
plane sapphire. For more details see Appendix F

5



1.7 Conduction-electron spin resonance in zinc-blende GaN thin films

We report electron-spin-resonance measurements on zinc-blende GaN. The observed reso-
nance has and isotropic g value of 1.9533 0.0008 independent of temperature, a Lorent-
zian line shape, and a linewidth (18 G at 10 K) which depends on temperature. The spin-

lattice relaxation time at 10 K was estimated to be Tie = (6 2) x 10 -5 sec. Using a five-

band model a g value consistent with the experimental results was obtained and a conduc-
tion-electron effective mass m*/mo = 0.15 0.014 was calculated. The observed signal,
together with conductivity data, was attributed to nonlocalized electrons in a band of
autodoping centers and in the conduction band. For more details see Appendix G.

1.8 Intensity dependence of photoluminescence in GaN thin films

We report the intensity dependence of band-gap and midgap photoluminescence in GaN
films grown by electron cyclotron resonance (ECR) microwave plasma-assisted molecular
beam epitaxy. We find that the band-gap luminescence depends linearly while the midgap
luminescence has a nonlinear dependence on the incident light intensity. These date were
compared with a simple recombination model which assumes a density of recombination
centers 2.2 eV below the conduction band edge. The concentration of these centers is
higher in films grown at higher microwave power in the ECR plasma. For more details see
Appendix H.

1.9 Microstructures of GaN Films Deposited on (001) and (111) Si Using
ECR-MBE

The microstructures of GaN films, grown on (001) and (111) Si substrates, by a two-step
method using ECR-MBE, were studied by electron microscopy techniques. Films grown
on (001) Si had a predominantly zinc-blende structure. The GaN buffer layer, grown in the
first deposition step accommodated the 17% lattice mismatch between the film and sub-
strate by a combination of misoriented domains and misfit dislocations. Beyond the buffer
layer, the film consisted of highly oriented domains separated by inversion domain bound-
aries, with a substantial decrease in the defect density away from the interface. The major-
ity of defects in the film were stacking faults, microtwins and localized regions having the
wurtzitic structure. The structure of the GaN films grown on (111) Si was found to be pri-
marily wurtzitic, with a substantial fraction of twinned zinc-blende phase. Occasional

wurtzitic grains, misoriented by a 300 twist along the [0001] axis were also observed. For
more details see Appendix I.

1.10 Hydrogenation of Gallium Nitride

A comparative study of the effects of hydrogen in n-type (unintentionally and Si-doped)
as well as p-type (Mg-doped) MBE-grown GaN is presented. Hydrogenation above 500

°C reduces the hole concentration at room temperature in the p-type material by one order
of magnitude. Three different microscopic effects of hydrogen are suggested: Passivation
of deep defects and of Mg-acceptors due to formation of hydrogen-related complexes and
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the introduction of a hydrogen-related donor state 100 meV below the conduction band
edge. New local vibrational modes in Mg-doped GaN, which was grown in high concen-
tration of hydrogen were discovered. Based on observed selection rules, one pair at fre-

quencies at 2168 and 2219 cm-t was attributed to inequivalent Mg-H complexes in the c-

plane and parallel to the c-axis. The origin of a second pair of modes at 2151 and 2185 cm-

1 which is IR inactive is speculated to be due to molecular N2 or H2. For more details see

Appendix J,K,L.

1.11 Reactive Ion Etching of GaN Thin Films

Reactive ion etching of GaN grown by electron-cyclotron-resonance, microwave plasma-
assisted molecular beam epitaxy on (0001) sapphire substrates was investigated. A variety
of reactive and inert gases such as CC12F2, SF 6, CF 4, H2/CH4 mixtures, CF3Br, CF3Br/Ar
mixtures and Ar were investigated. From these studies we conclude that of the halogen
radicals investigated, Cl and Br etch GaN more effectively than F. The etching rate was
found to increase with decreasing pressure at a constant cathode voltage, a result attributed
to larger mean free path of the reactive species. For more details see Appendix M.

1.12 Blue-violet Light Emitting Gallium Nitride p-n Junctions

Blue-violet light emitting GaN p-n junctions were grown and characterized. The ECR-
MBE growth method was modified to minimize plasma induced defects. Contrary to simi-
lar devices grown by Metallorganic Chemical Vapor Deposition, these devices do not
require any post growth annealing to activate the Mg-acceptors in the p-layer. These
devices turn-on at approximately 3 volts and have a spectral emission peaking at 430 nm.
See Appendix N,O for more details.

1.13 Optical Properties of GaN

We performed optical-absorption studies of the energy gap in various GaN samples in the
temperature range from 10 up to 600 K. We investigated both bulk single crystals of GaN
and an epitaxial layer grown on a sapphire substrate. The observed positions of the
absorption edge vary for different samples of GaN (from 3.45 to 3.6 eV at T=20 K). We
attribute this effect to different free-electron concentrations (Burstein-Moss effect) charac-
terizing the employed samples. For the sample for which the Burstein shift is zero (low
free-electron concentration) we could deduce the value of the energy gap as equal to 3.427
eV at 20 K. Samples with a different free-electron concentration exhibit differences in the
temperature dependence of the absorption edge. We explain the origin of these differences
by the temperature dependence of the Burstein-Moss effect.

1.14 Heteroepitaxial growth of AIN

The growth of AIN has not yet been optimized. In the initial studies we attempted to grow
AIN on (0001) sapphire at relatively low temperatures (800 oC) so that the growth of AIN
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would be comparable with that of GaN. The RHEED pattern, surface morphology, and
XRD of such a film are shown in figures 1,2 and 3 respectively. These data indicate that
the AIN grown so far is inferior to our GaN films.
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Growth of GaN by ECR-assisted MBE

T.D. Moustakas. T. Lei and R.J. Molnar
Molecular Beam Epnaxy Laboratorn. Department of Electrwal. (Cotnputer and S-stemns Lngmeering. Boston Universatv.
MA. USA

High-quality GaN films have been grown on a variety of substrates by electron cyclotron resonance microwave
plasma-assisted molecular beam epataxy (ECR-MBE). The films were grown in two steps. First, a GaN-buffer was grown
at low temperature and then the rest of the film was grown at higher tempcraturcs. We found that this method of growth
leads to a relatively small two-dimensional nucleation rate (-2( nuclei/ im- h) and high lateral growth rate (1(N) times
faster than the vertical growth rate). This type of quasi-layer-by-layer growth results in a smooth surface morphology to
within I() A. Growth on Si(I 00) leads to single-crystalline GaN hinms having the zinc-blende structure. Growth on
Si( I I I ) leads to GaN films having the wurtzitic structure with a large concentration of stacking faults. The crystallographic
orientation and the surtace morphology of GaN films on sapphire depends on the orientation of sapphire. To this date. the
best films were grown on the basal plane of sapphire

1. Introduction variety of substrates such as silicon, spinel,
silicon carbide and various crystallographic

The family of refractory nitrides (InN, GaN orientations of sapphire have been used in these
and AIN), their solid solutions and heterojunc- studies. Most of the films grown are wurtzitic
tions are one of the most promising families of (o-GaN) and have n-type conductivity with high
electronic materials. All three arc direct bandgap carrier concentration [31], which is believed to
semiconductors with their energy gaps covering result from nitrogen vacancies 131-32] or oxygen
the region from 1.95 eV (InN) and 3.5 eV (GaN) impurity incorporation [331. P-type conductivity
to 6.28eV (AIN). Thus. the growth of high- has been reported recently on Mg-doped GaN
quality crystals and successful doping of these films 134-35].
materials should lead to applications in optoelec- Zincblende GaN (03-GaN), which is the
tronic devices from the visible to the ultraviolet thermodynamically metastable phase of GaN. is
part of the electromagnetic spectrum. as well as hoped to be more amenable to doping than the
in devices for high-power and high-temperature wurtzitic GaN. since all of the III-V compounds
electronics 11-21. GaN, in particular, is predicted that can be efficiently doped n-type or p-type are
to have a high electron drift velocity, so it should cubic [21. 13-GaN has been epitaxially stabilized
also be suitable for high-frequency and micro- on a 13-SiC and MgO(100) substrate [18-191.
wave devices 13]. which are closely lattice-matched to 13-GaN and

GaN films have been grown by many growth on a GaAs [36-371 and Si substrate 121-251
techniques, including chemical vapor deposition which have significant mismatch to 13-GaN.
[4-71, metal-organic chemical vapor deposition In this paper, we review the growth of GaN
18-151. molecular beam epitaxy 1]6-251 and at films by the electron cyclotron resonance micro-
number of plasma-assisted processes 126-301. A wave plasma-assisted molecular beam epitaxy.

Correspondence to: T.D. Moustakas. Molecular Beam Ept- Particular emphasis is placed on the growth of

taxy Laboratory. Department of Electrical. Computer and this material in two temperature steps, a method
Systems Engineering. Boston University. Boston, MA 02215. developed recently in our laboratory lot the
USA. growth of GaN. 121-25.381. Films have been

0921-4526/93/$306.0) ( 1993 - Elsevicr Science Publishers B.V. All rights reserved
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grown on Si( 10 0). Si( I I I) and various faces of the molecular nitrogen was also introduced
sapphire. downstream the ECR source. T.pically. 1l0"' ol

the molecular nitrogen gas is converted into
atomic nitrogen. Due to this high decomposition

2. Experimental methods rate, a source pressure of about 101 -Torr is
sufficient for the growth of stoichiometric films.

The deposition system used in this study is The magnetic field configuration for the 8"
schematically illustrated in fig. 1. Two ECR source under optimized conditions for the
sources were used. The first (Astex 8" model growth of GaN films is illustrated in fig. 2. The
10(U)) was used for the growth of GaN on on-axis ECR condition (H=875G) is about
Si( 10(0) and Si( I1I). The second (Astex corn- 40cm above the substrate. The compact ECR
pact model) was used for the growth of GaN on source fits inside an effusion cell an(' thus the
sapphire. The base pressure in the overall system distance from the front of the source to the
was 10 " Torr. A reflection high-energy electron substrate is only 12 cm.
diffraction (RHEED) setup is an integral part of The structure and microstructure of the films
the apparatus. A conventional Knudsen effusion were studied by reflection high-energy electron
cell was used to evaporate gallium. Atomic and diffraction (RHEED). X-ray diffraction and
ionic nitrogen were produced by passing mole- scanning electron microscopy (SEM). X-ray dif-
cular nitrogen through the ECR source. Part of fraction studies were performed using a diffrac-

ECR ASSISTED MBE

SUBSTRATE MANIPULATORAH E U WITH ROTATION

B WAFER -LIQUID NITROOEN CRYO SHROUD
, _•GATE VALVE

/IO GAGE
ECR SOURCE7

EFFUSIO

SHUTTERMASS
SHUTTERSPECTROMETER

RHEED SCREEN

iz. 1. Schcmatic ot ihc depost~ion system
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... - prior to their introduction into the MBE unit. In
l5001 the preparation chamber. the substrates were

outgassed for 15 minutes at 850'C.
The sapphire substrates were subjected to the

following cleaning steps prior to the growth of
- the GaN films. They were sequentially cleaned in

.... .H-83o .. ultrasonic baths of trichloroethylene. acetone
t' -- -------------- and isopropanol for removal of hydrocarbon res-

idues from the surface. etched in HPO4 H.SO0
(1:3) for the removal of surface contaminants

5•00 and mechanical damage due to polishing and
finally rinsed in de-ionized water. After these
"steps. the substrates were blown dry with nitro-

substrato Posittor, gen. mounted on a molybdenum block and trans-

" I ferred to the introduction chamber of the MBE
I0 ______.. .. ..__ - system. In the preparation chamber, the sub-

t,,he, r .... m) 1,0 st5rates were heated to 850'C for approximately
[,istonrý iOlou th.. ,m-. W" (1 o- Or (qC.Isrts eet

Fig. 2. Magnetic held conhguration under optimized growth half an hour and then transferred to the growth
conditions chamber where they were subjected to bombard-

ment by nitrogen plasma for approximately half
tometer with four-circle geometry. This allows us an hour at 700'C.
to perform O-scans at a reflection peak (h k 1).
corresponding to planes not parallel to the sub-
strate to probe in-plane ordering. Additionally. 3. Experimental results
standard 0-20 scans were performed to probe
the ordering normal to the substrate. 3.1. Growth on Si(1 0 0)

Si(0 0 1) and Si( I1 1) substrates (n-type. p-
type or undoped) were used in these studies. Following cleaning, the Si substrate was ex-
They were ultrasonically degreased in solvents amined by studying its RHEED pattern in the
and etched in buffered HF to remove the oxides, growth chamber at 400°C. Figure 3 shows typical

Fig. 3. RHEED patterns of SO( t 11t substrates atter the routine preparation. (a) for [I 0 01 azimuthal incidence of the electron
beam; (b) tor I I 101 azimuthal incidence of the electron beam.



T.). Moustakas et al (irowth of GaN hv ECR-assisted MBI 34

RHEED patterns of the Si substrate with the structure with the 10 0 11 direction perpendicular
electron beam incident along the 11 00] and to the substrate.
11 1 01 directions. These results clearly indicate Following the deposition and characterization
that the Si(0( 1) surface is unreconstructed (i.e. of the GaN-buffer the substrate was heated to a
I x I). We find that such an unreconstructed higher temperature. typically 600TC. and a GaN
Si((O I ) surface is required to epitaxially grow a film of about 1 pm thick was grown at a growth
single crystalline GaN-buffer. Outgassing of the rate about 2000,A/h. Shown in fig. 5(a) and (b)
Si substrate at lower temperatures, for example arc typical RHEED patterns of a GaN film
6(x°C, leads to an irregular pattern with few about 1 pm thick grown on a p-type substrate for
diffraction spots, which we were unable to index [1 001 and I1 1 01 azimuthal incidence of the
with any reconstruction pattern. A GaN-buffer electron beam. The results are similar when the
grown on such a surface would generally be growth takes place on undoped substrates. These
polycrystalline with the wurtzitic structure. It is results clearly indicate that the GaN film has the
conceivable that epitaxy of GaN should take zincblende structure, with its (00 1) crystallo-
place on a well-ordered unreconstructed surface, graphic planes parallel to the substate surface.
but not on an irregular disordered surface. The diffraction spots of this pattern are signifi-

After the substrate preparation and characteri- cantly sharper and elongated, which suggests
zation, a GaN-buffer laver of about 3(X) A to that the final GaN film has a better crystalline
9(X) A thick was deposited at a temperature of quality and a smoother surface morphology than
4(X)°C for 10 to 3(0 minutes. Figure 4 shows the the GaN-buffer.
RHEED patterns at two azimuthal incidence The RHEED pattern of a GaN film grown on
angles of the electron beam for the GaN buffer a p-type substrate under slightly lower nitrogen
layer. The diffraction spots were relatively pressure is shown in fig. 6. The streak-like pat-
broad, signifying that the thin buffer layer is very tern is characteristic of two-dimensional scatter-
defective. This is expected due to the large lat- ing, indicating that the GaN film is close to
tice mismatch between the film and the sub- atomically smooth. Such elongated RHEED pat-
strate. However, the symmetry of the patterns terns were frequently observed when the growth
indicates that the buffer layer has the zincblende took place on n-type substrates. This may sug-

0'

Fig 4. RHEED patterns of GaN buffer grown at 4X)V. for I10 minutes; (a) for II 001 azimuthal incidence of the electron beam.
(b) for I I 101 azimuthal incidence of the electron beam
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[3-GaN(0{) I) surface. The cross-sectional view GaN film. whose RHEED pattern was discussed
shows no eidcnc•c of columnar morphology. in fig. 6. The surface morphology of a film on an
which is another indication that the film is single n-type substrate is shown in fig. 8(b). Both of
crystalline, these surfaces are smooth with steps approxi-

Dctailed electron microscopy studies 1231 have mately 100 A thick. which resulted from a layer-
shown that the tiles in fig. 7 are oriented along by-layer growth (231. These results suggest that
the I I 101 and I[I 1 0 directions. This presumably additional optimization of the growth process
arises because the GaN surfaces corresponding could lead to atomically smooth surfaces.
to those directions are more closely packed than From the data of fig. 8. we can calculate the
the I I 10 01 and 10 1 01 surfaces and therefore have two-dimensional nucleation rate and the lateral
lower surface energy. growth rate. Let J be the nucleation rate. s be

Shown in fig. 8(a) is the morphology of the the average area of the plateau, h the height of

- -1

Figý 7. Surface morphology of it GaN thin film on p-typc Si substratc; (at) front view; (b) cross-scctional vie%.

IA IAI
lIsm lmur

I' i s SI' ,I urt .1'c morph Ille t'~t a snlooi h (C IaN hin iii nl .ll ai on p-i, pc ,,ubritltc: ( hI on ;an n-t ~pc Mi b~iraic
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the plateau. and t the time for the plateau to was found to be 4.50 A. in good agreement with
grow• which is limited by nucleation. Then. we the electron diffraction data 1231. A small peak
have was also observed at 20 = 34.6'. which is due to

the d-spacing of (11) P-GaN or (0002) cx-
v- = lt =( (1) GaN. This suggests that the GaN film has some

(is) misoriented domains. These domains may have
developed in the early stages of the buffer layer

h =-1't = (is) (2) deposition as revealed by TEM imaging [391.
Similar structural faults have also been observed

where v, and v. are the lateral and vertical in the interface between GaN epitaxy on
growth rates respectively. From the data of fig. GaAs(I 00) 1371. We have also observed these
8. we have x/3 = I im and h = 100 A. If we use misoriented domains in almost all of our sam-
the known vertical growth rate c'. 2(000A/h. pies. The consistent appearance of the mis-
then from eqs. (I) and (2) we obtain v, =( IVý oriented domains in GaN-Si and GaN-GaAs
and J = 20 nuclei/(jLm2 h). heteroepitaxy is very likely to be related to the

These data indicate that this two-step method large lattice mismatch between the GaN and the
of film growth leads to quasi-layer-by-layer substrate. Because of the large lattice mismatch.
growth with a very small two-dimensional nu- the interface of GaN and the substrate is under
cleation rate and high lateral growth rate. significant strain: therefore, it might be favorable

The structure of the films was confirmed by for the system to introduce dislocations or mis-
convergent beam electron diffraction (CBED) orientations of GaN to reduce the interfacial
and selected area diffraction (SAD). These energies. In zincblende or wurtzitic structures,
studies were published elsewhere 123]. In this the [1 1 1] or [0002] planes are the most closely
paper, we focus on the X-ray diffraction studies packed, and hence have the lowest surface ener-
of the films. gies. Therefore, the introduction of [11 1 or

The X-ray diffraction in fig. 9 shows a strong [00021 oriented GaN would lower the surface
peak at 20 = 40.1 degrees, whose d-spacing is energy at the GaN-vapor interface, and would
2.25 A, which is due to the (0 0 2) reflection from not necessarily increase the energy for the GaN-
P-GaN. Hence. the lattice constant to J-GaN substrate interface, since it was strained signifi-

cantly. However. the I1 1 I I or (00 0 21 oriented
GaN domains would grow slower than the 1001]
oriented GaN grains stabilized by introduction of

4 5M dislocations. As a result, they were buried in the
interface region as the film grew.

* The X-ray rocking curve of the (0 0 2) peak of
300 a GaN film 4 pLm thick was found to have a full

-s• width at half maximum (FWHM) of approxi-
mately 60 minutes. which measures the orienta-

- tion spread perpendicular to the substrate. This
Iw is significantly narrower than that of GaN on

~ I GaAs [371. but much broader than that of I3-
GaN on MgO substrates [19] and a-GaN on
(0001] sapphire substrates as discussed later.

The (k-scan for the zincblende GaN was per-
,K 3' : 4" 5 5•; ': formed at the (1 11] reflection. and is shown in

28lde,,r•) tig. 10. The data clearly show that the peak
Fi.g ) X-rav diftrachion using Cu-K radiation 0 a 13-GUN repeats itself every 91M degrees. consistent with
him the cubic symmetry of this material. The FWHM
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the diffraction spots indicate good crystalline
.- quality of the film.

Figure 12 shows a 0-20 scan for a GaN film on
" Si( 11). The single peak at 34.6 degrees corre-

sponds to 100 0 21 reflection of the wurtzitic

GaN: thus, the lattice constant in the c-direction
a ...- • is 5.18 A.

The 6-scan for the wurtzitic GaN shown in fig.
SC 13 was performed at the 11 1021 retlection.

Clearly. this peak repeats every 60 degrees. con-
sistent with the 3 mm symmetry of the rotation
axis. The FWHM is found to be 1.9 degrees.

20 4C (30 83 101

-ig. 10. d>-scan at (I 1 I1) lor a zinchlendc GaN film.

•6 7

of these peaks. which measures the in-planc
orientation spread. was found to be 2.5 degrees.

3.2. Growth on Si( I 1 1)

Growth on Si( 1 1) followed the same steps as __2 j
described previously in the growth on Si(0 0 1).
Figure 11 shows the RHEED pattern for a GaN _ _ __._ _

film on Si(l 1 1). The data indicate that the film , __

has the wurtzitic structure with the 10 00 11 30 3h 40 45 50 55 60

planes parallel to the substrate. The sharpness of 29 (depes
Fig. 12. 0-2# scan% for a wurtzitic GaN film on Si(I 1 1).

3500

300C -

: 2500 -

2000 -

3500

500 - ,

0 23" 50 "7 2.•, 12
S( de~re'e

-Fig. I I RHEED patterns tor a GaN film on Si( I I I I with
I I12 2I0 electron azimuthal incidence. Fig. 13. &-scan for a wurtziie GaN film on Sit I I I)
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while the FWHM of the 0-21 rocking curve at 300r

the 10 0 0 21 peak is found to be (1.9 degrees.
The XRD data of fig. 12 and fig. 13 appear to 250:.

indicate that the ci-GaN film on Si(l 1I1) is a
single crystal. However. any stacking faults along 2 200:

the growth direction of the GaN film on Si(l 1 1) • I,
cannot be easily detected in the normal 0-20 15s0, -

scans 14(01. Such stacking faults are very common - I

defects in materials with the FCC or HCP struc-
tures growing along the I I 1I and 10 0 0 21 direc-
tions 1401. Such stacking faults. if they exist in
the wurtzitic GaN films on Si( I I I). should give - 9
rise to ia certain amount of cubic GaN com--____

portent with the I I I I planes parallel to the -125 -100 -75 -50 -25 0

substrate. To explore this possibility, we rotated 0 (de•re)

the sample in such a way that the X-ray diffrac- I-! 15. -scan at Thc (I I) peak of cubic GaN com-
tion corresponds to the 100121 reflection of the ponent,

zincblendc structure, and indeed a peak was
detected at 2o = 40 decgree. This is shown in a
0-20 scan around this peak Isec fig. 14).

To obtain a stronger reflection. &-scans on ABC-.- and CBA-.. sequence. The fact that the
these cubic domains were performed at the peak at d 60N degrees is of comparable intensity
ji 1l1 peak. which is shown 'n fig. 15. These to the other two peaks suggests that the two
data reveal a repetition every 60 degrees. Since types of stacking sequences occur with an equal
the I I I] axis in the zincblende structure is only probability, as is expected.
a 3-fold rotational axis. the &-scan should show a The existence of the cubic GaN domains in the
repetition every 120 degrees instead of every 60 wurtzite structures implies the existence of a high
degrees. This can be accounted for if there arc concentration of stacking faults. This could be
two kinds of stacking sequences, namely the due to the fact that the cohesive energies of

wurtzite and zincblende GaN are comparable. so
that the formation energy of a stacking fault is

negligible. If this is true, then all of the 100021
oriented GaN films have a considerable amount

S00 . of stacking faults. This is currently being investi-
gated by XRD studies of GaN on 111 2 01 and

400 7 [(100() 10 sapphire substrates. However, one
should not rule out that the high concentration

_30 of stacking faults in GaN on Si(l 1 1) is related
to strain resulting from the large lattice mismatch

S200o•- - between GaN and Si. which could lead to a
-U reduction of the formation energy of stacking
00• faults due to structural deformation.

3.3. Growth on a sapphire substrate
31. 2~.4:

210,,,. GaN films were also grown on the c-plane

Fig 14 ti-214 scan at ihc mlU21' rcflcction (it cubic (•aN 10((00 II. a-plane II 1 2 (I1 and r-plane 11 I (12 of
grains in GaN on Sit I II sapphire. Figure 16 shows RHEED patterns of
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Fig. 20 Hi -211 XRD ot t ' (iaN film on \.irious sapphire %uhstratcs: (a) (,-planc. (h) a-plane. (c) r-plane. The inserts show the

corresponding rocking curves

on the a-plane and r-plane of sapphire is not which accommodates three unit cells of the a-
obvious. This epitaxial relationship can be plane of GaN as illustrated in fig. 21(b). This
accounted for as follows: The a-plane sapphire results in 16%? lattice mismatch along the I1 1 20J
has a rectangular unit cell with dimensions of sapphire and 1.3% along the II 10 Ii of sap-

!2.97 A x 8.23 A. two of which can accomodatc phire.
a number of unit cells of (GaN basal planes as
illustrated in fig. 21(a). This results in 1.6¼
lattice mismatch along 10,'Illl of sapphire and 4. Conclusion
i0.6't' along thc I 11 0 0 axis of the sapphire
substrate. The r-plane of sapphire substrate has a In conclusion, a two-step growth process has
unit cell with dimensions 4.75 A x 15.34 A. been developed for the hetcroepitaxial growl' of
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GROWTH AND DOPING OF GaN FILMS BY ECR-ASSISTED MBE

T.D. Moustakas and R.J. Molnar
Molecular Beam Epitaxy Laboratory, Department of Electrical. Computer, and Systems Engi-
neering. Boston University. Boston, MA 02215.

ABSTRACT

We report on growth. doping, and characterization studies of GaN films produced by the
Electron Cyclotron Resonance microwave plasma assisted Molecular Beam Epitaxy. The hins
were grown heteroepitaxially on sapphire (0001), whose surface was converted into atomically
smooth AIN by plasma nitridation. The GaN films were grown in two temperature steps, a
process found to promote the layer-by-layer growth mode. ECR plasma conditions to grow either
n-type autodoped or semi-insulating GaN film were identified. The structure and microstructure
as well as the electrical properties of these two classes of films are discussed. A systematic
dependence between electron mobility and net carrier concentration was found, which predicts
that the mobility of GaN with a net carrier concentration of 10 4 cm- 3 is about l04rm 2/V-s. The
insulating films were intentionally doped either p-type or n-type by incorporation of Mg or Si
during film growth. Hole or electron concentrations at 300K between 1018 - 1019cm- 3 have been
obtained without requiring any post-growth treatment.

INTRODUCTION

The family of refractory nitrides (InN, GaN, AIN) is one of the most promising classes of
optoelectronic materials. The three binaries are direct band-gap semiconductors and their energy
gaps cover the spectral region from 1.95eV (InN) and 3.4eV (GaN) to 6.28eV (AIN). The successful
development of these materials would lead to devices such as light emitting diodes, lasers, and
light detectors, operating in the spectral region from the visible to ultraviolet. Due to their unique
physical pr'nperties (high energy gap, high thermal conductivity, high saturation velocity), these
materials are also expected to be used in the fabrication of devices for high temperature, high
power, and high frequency applications. ileterojunctions, quantum wells, and superlattices based
on these materials are expected to show novel low dimensional electronic behavior due both to
the strong quantum confinement and to the lack of defects associated with the transition from
direct to indirect semiconductors, a problem common in GaAs / AIlGal-,As structures.

The majority of the published work deals mostly with the synthesis and characterization
of these materials. Early work dealing primarily with bulk growth is reviewed in "Refractory
Semiconductor Materials" (1) and recent results were presented in the MRS symposium on "Wide
Band-Gap Semiconductors" (2) as well as in reviews by Pankove (3) and Davis (4).

The synthesis of bulk crystals of GaN and AIN by equilibrium processes (I) has led only to
the growth of milimeter size single crystals. Vapor phase synthesis of III-V nitrides has focused
on heteropitaxial growth, primarily on (0001) sapphire. The most important recent development
is the discovery that AIN (5-8) and GaN (9-12) buffers lead to lateral growth which significantly
improves the surface morphology as well as the optical and electrical properties of the films.
Another recent significant development was the epitaxial stabilization of cubic-GaN of selective
substrates, including /3-Si(" (13), GaAs (1-.), MgO (15), and Si (10,11).

GaN films have been grown by many growth techniques. including CVD (16), MOCV'D (17).
and MBE (18). All these methods produced n-type GaN films, a result attributed to nitrogen
vacancies due to thermal decomposition of (aN at the high growth temperature. To reduce the
growth temperature, plasma assisted deposition methods were developed (9-11.13-15) which lead
to the growth of semi-insulating (aN films. The early effort at p-type doping were unsucessful
(19) due to compensation by n-tYpe defects. Wi Ih improvements in film quality, recent reports
indicate the possibility of p-type dopintg an(d the resulting fabrication of efficient light emitting

Mat. Res. Soc. Symp. Proc. Vol. 281. '1993 Materials Research Society
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devices (7,20).
In this paper, we report our progress in the growth, doping, and characterization of Ga.N

films by the Electron Cyclotron Resonance microwave plasma assisted Molecular Beam Epitaxy
(ECR-MBE).

EXPERIMENTAL METHODS

The deposition system used in this study is schematically illustrated in Figure 1. It consists of
a Varian Genii MIBE unit with an ASTeX compact ECR source inserted into one of the effusion
cell ports. The pressure in the overall system is 10-l' T orr. A Reflection Hiigh Energy Electron
Diffraction (RJIEED) setup is an integral part of the apparatus. Ga and dopant elements (Si and
Mg) are evaporated from conventional Knudsen effusion cells, while active nitrogen is produced
by passing molecular nitrogen through the ECH source at a total pressure of 10- 4 "'orr. The
growth rate of the GaN films is controlled by varying the flux of Ga. The stoichiometry of the
films is controlled fly varying the microwave power in the ECR discharge, which affects the flux
of the active nitrogen. Generally, microwave power of 35 Watts or higher was found to lead to
semi-insulating GaN films (stoichiometric) for growth rates up to 6500A/h. For higher growth
rates or smaller microwave power in the discharge. the flux of active nitrogen is insufficient for the
growth of stoichiometric films and excess gallium in the films is phase separated in the form of
Ga droplets (21). The films discussed in this paper were grown at growth rates of 2000-2500A/h.
and microwave power levels appropriate for the growth of conducting or insulating films. n-type
and p-type doping of GaN films was accomplished by subhining Si or %Jg respectively during the
growth process.

CECR Source
N2 urihiern. o u -. -- w•sot n

-APIWASCC

-slsJn ian

- irrusoCr. rt 6UnTfltSl

Figuy 1. ECR-MJE grwth chnnbr-r.
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The GaN fdins were grown on the c-plane (0001) of sapphire. The substrates were degreased
and etched in 113 P0 4 : H 2 S0 4 (1 : 3) for the removal of surface contaminants and mechanical
damage due to polishing, and finally were rinsed in de-ionized water. After these steps, the sub-
strates were blown dry with nitrogen, mounted on a BN block and transferred to the introduction
chamber of the MBE system. In the preparation chamber, the substrates were heated to 850°C
for approximately half an hour and then transferred to the growth chamber where they were
subjected to bombardment by nitrogen plasma for approximately half an hour at 800°C.

The structure and microstructure of the films were studied by RHEED, XRD, and SEM. To
measure the transport coefficients, the samples were abrasively etched into Van der Pauw larrillas
and electrical contacts were formed by soldering gold wires with indium.

EXPERIMENTAL RESULTS AND DISCUSSION

A. Film Growth

We found that exposure of the substrate to a nitrogen plasma results in nitridation of the
surface of the substrate and its conversion into AIN. The AIN thin film was found to be a single
crystal and its RIIEED pattern is illustrated in Figure 2a. The streakiness of the diffraction pat-
tern suggests that the AIN film is atomically smooth. Similar nitridation has also been observed
when the a-plane (1120) and the r-plane(1102) of sapphire were exposed to a nitrogen plasma
(22,23).

a b c

Figure 2. RHEED patterns taken at arious steps during growth: (a) substrate after plasma
nitridation (b) after the growth of the GaN buffer (c) after growth at high temperature.

The GaN film was grown on the previously formed AMN film foll3wing a two temperature
step process developed in our laboratories over the past few years (9-11, 22-24). In this process
a G&N-buffer, approximately 200A thick, is grown first at a relatively low temperature (500-C)
followed by a higher temperature growth (800*C) of the rest of the film. Figures 2b and 2c show
the RHEED patterni of the GaN buffer and the GaN film after the completion of the growth.
The streakiness of these diffraction patterns also indicate that both the thin GaN-buf'er as well
as the thick GaN film are atomically smooth. The diffraction pattern of Figure 2c tends to be
spotty under deposition conditions which lead to semi-insulating Gal films. This is consistent
with the surface morphology of these films as discussed later. This method of film growth, using
a GaN-buffer, has also been used for the growth of GaN films by the MOCVD method (12) and

the reports indicate significant improvements in the quality of such films as well.



756

B. Surface Morphology

The surface morpholgy of GaN films was found to depend strongly on the ECR plasmas.
In low power plasmas, which lead to n-type autodoped G&N films, the surface morphology is
flat as shown in Figure 3a. These data are in agreement with the RHEED data of Figure 2c.
Furthermore, the cross-sectional view shows no evidence of columnar morphology. These findings
suggest that lateral growth in these films is significantly higher than the vertical growth. In a
similar study on the growth of GaN on Si(100), we were able to resolve steps of approximately

0OOA on the top of the plateaus and by comparing this with the area of the plateus, we concluded
that the lateral growth rate is larger than the vertical growth rate by a approximately a factor
of 100, and that the two dimensional nucleation rate was found to be 20 nuclei//Mm 2

h (11,23).
Based on these findings, we characterized the growth on Si(100) as quasi layer-by-layer growth.
The evidence from the data presented in here is that growth on (0001) sapphire proceeds via the
layer-by-layer mode.

a b

Figure 3. SEM surface morphologies (a) conducting fl•m (b) insulatinsg l m

Higher power plasmas, which lead to senri-insulating films, result to some degree of surface
roughening. The surface morphology of such a film is shown in Figure 3b. At this moment, we
do not know whether the change in growth mode, under the two plasma conditions, is related
to the change in surface mobility of the absorbed atoms or to the kinetics of growth due to the
change in concentration of active nitrogen at the growing surface.

C. Film Structure

A comprehensive study on the structure of GalN films on silicon and sapphire substrates has
been published elsewhere (25). Here, we present data on CaN films grown on (0001) sapphire
substrates and discuss only 0 - 20 scans and rocking curves around the main diffraction peak.

Figure 4 shows the 0 - 20 scan and the 9-rocking curve at the main reflection peak for a
GaN film grown under lower power plasma conditions (conducting films). There are two peaks
in the 0 - 20 scans, one at 20 = 34.6* corresponding to the (0002) reflection, and the second at
29 = 72? which is the second order harmonic. The $-rocking curve of the (0002) peak, shown
in the insert of Figure 4, has a FWHM of 10 minutes, which is comparable to the best reported
in the literature (26) for films grown by other deposition methods. These data confirm that the
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Figur 4. XRD of a conducting GaN film. The insert shows the rocking curve around the main
pcak.
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GaN films were grown with their c-plane parallel to the substrate. The epitaxial relationship
between GaN and (0001) sapphire was discussed by Lee cf. aL (25). The GaN basal unit cell is
oriented 300 away from the sapphire unit cell in epitaxial relationship with a smaller hexagonal
unit cell consisting of the A) atoms in the sapphire substrate.

Figure 5 shows a 0 - 20 scan and the 0-rocking curve for a GaN film grown under higher
power plasma conditions (insulating films).

D. Electrical Properties

GaN films grown by various methods were generally found to be heavily doped n-type (0Is -
102Ucin 3 ). Recently, GaN films grown by the MOCVD method with either an AIN-buffer (7) or
with a GaN-buffer (12) were found to have carrier concentrations in the range of 1011, _ 1017cm-3

and electron mobilities as high as 900 cm 2 /V.s.
As discussed earlier, GaN films grown by the ECR method can be made either conducting

or insulating by choosing the power level in the ECR discharge. Films grown at relatively low
power levels (< 35 Watts) were found to be autodoped with n-type conductivity, while those
grown at higher power levels in the ECR discharge were found to be insulating. Since the power
in the ECR discharge controls the amount of active nitrogen, the observed trend in the electrical
behavior together with the presence of phase separated gallium in the conducting films, suggest
that the origin of autodoping centers in GaN is indeed due to N-vacancies. In the following, we
review the electrical properties of both conducting and insulating GaN films. Details on these
studies were published elsewhere (27,28).

1000

1 this work

0 Ilegems

S-A Akasaki

SNakamuraS100 1',
E°

10 1 71 011016 10 18 1019 1020

n [cm-3]
Fiure 6. Electron mobilities vs. electron concentration for a number of GaN films.

A number of n-type GaN films were produced by keeping the power in the ECR discharge
constant (active nitrogen overpressure fixed) and gradually reducing the flux of the Ga-beam
The electron mobility vs net carrier concentration at 300K for these films is shown in Figure
6. Shown in the same Figure are also the results reported for GaN films produced by various
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CVD methods (7,29.30). It is important to note that all data follow the same trend which can
be extrapolated to predict the electron mobility of relatively pure and defect free GaN films.

For example, films with carrier concentrations of 10"cm-
3 

are predicted to have a mobility of
104

cm
2
/V.s, which is comparable with that of GaAs.

The electron transport mechanism in our films was investigated by studying the temperature

dependence of the Hall coefficient and of the resistivity (27,28). The analysis of these data

indicate that the ionization energy of the autodoping centers is 20 to 30 meV. These autodoping
centers form a band when their concentration is larger than 1017cm- 3 

and conduction in this
band was found to dominate the transport at low temperatures. In fact for heavily autodoped
films (5 x 101cm-

3
), transport in this band dominates even at room temperature.

GaN films with net carrier concentrations less than 101
6

cM-
3 

were also produced. Paradox-
ically, such films were found to have low electron mobilities (:5 lcm

2
/V.s). This result can be

accounted for as follows: When the concentration of the autodoping centers becomes less than the

concentration of the deep defects, the material becomes fully compensated and thus conduction

is dominated by hopping transport in the deep compensating defects. This suggests that the

concentration of deep defects in our films is of the order of 101
6
cn-

3 
. This may also be true for

films grown by the MOCVI) methods, since the best films grown by this method have net carrier

concentrations of 3 x 0I06cm-
3 

(30). These deep defects are probably related to heteropitaxial

growth, such as dislocations.

E. Dovine

Early efforts to dope GaN films with Zn or other group Il-elements led to compensated films.
Recently, Akasaki and co-workers (7) reproted that Mg compensated GaN films can be converted
to p-type when irradiated with a beam of low energy electrons (LEEBI). Subsequently, Nakamura
and co-workers (31) demonstrated that similar results can be obtained by thermal annealing in a
nitrogen atmosphere and attributed the acceptor activation to thermal removal of 112 which ties
up the Mg in the form of Mg-il complexes.

GaN films produced by the ECR-MBE methods were doped p- or n-type by incorporation of
Mg or Si respectively during film growth. Hall effect measurements on Mg-doped films indicate
that the films are p-type and that carrier concentrations at 300K between 1018 - 1019cm- 3 

have
been obtained without requiring any post growth annealing treatment (32). These films have
electrical conductivities of between 0.1 to 1.0 0-1cm-1. The magnitude of the hole mobility at
room temperature was found to be 0.6 cm

2f/V.s and was not strongly dependent on temperature.
The carrier concentration vs inverse temperature for one of the samples is shown in Figure 7.
We believe that the scatter in the data is due to difficulties in measuring the Hall coefficient of a

low mobility material. The conductivity measurements, which are far more consistent. are shown
in Figure 8. Since the electron mobility, at this level of doping, was found to be temperature
independent, we can use the conductivity data to extract the activation energy for the carrier

concentration. From the high temperature data of Figure S. ( > 150K), an activation energy for the
conductivity of AE=0.15eV was calculated. This is in agreement with the results of Akasaki (33)
for LEEBI activated Mg-doped GaN films grown by the MOCVD method. The low temperature
data in Figures 7 and 8 are consistent of impurity conduction (34).

The concentration of holes in a semiconductor with an acceptor concentration N.A and donor
concentration ND (NA > Np) is given by the expression (35):

p(Np + p) = 2.Vexp (E 4 -Ev)] ()

N 4 - ND - p

where Niv is the effective density of states at the valence band

.N = 2 (!i-"T- (2)

Equation (1) has two approximations. lfp << Np. Eq. (1) takes the form
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p N ND -N exP[ (EA - Es' (3)

In this case the plot of In (pT-3/'2) vs inverse temperature should have a slope equal to the

ionization energy of acceptors (EA - Evd).
If p >> Nf). then Equation (1) takes the form

p = (2Nv'NA)' 12exp [(LA -Ev) (4)

In this case, the exponential involves only half of the ionization energy.
The evidence suggests that N-vacancies in GaN act as donors and their concentration depends

on the overpressure of active nitrogen during film growth. The films in this study were grown
under high N-overpressure and thus ND should be very low. If this is true, Equation (4) should
be applicable in the high temperature region of the experimental data and EA - Ev=0.30eV.
Hlowever, one cannot rule out that the kinetics of the formation of N-vacancies is modified in the
presence of Mg, and that ND) >> p in the investigated temperature range. If this is true, then
Equation (3) is applicable and EA - Ev=0.I5eV. Further studies are required to determine the
ionization energy of Mg in GaN.

"The activation of Mg-acceptors without any post-growth annealing is not inconsistent with
Nakamura's proposal for the formation of Mg-li complexes in GaN:Mg films grown by the
MOCVI) method (36). since the concentration of 12 is low in MXLB growth. However, one
should not rule out the possibilty of ion assisted doping phenomena present in our method.

19
10 - 100*

0C E-,

- I

C.)

18
10 -- 1

0 50 100 10 100 1000

1 000/T (K]" Temperature [K]
a b

k iguv-r 9. (a) Elrefrton concentration vs l1T and (b) electron mnobilityj vs T for a GaN film doped
with St.

Hlall effect measurements on Si doped films indicate that the films are n-type. Net carrier
concentration at 300K' between IO0" - IO'9cin' have been obtained. The temperature dependence
of the carrier concentration and electron mobility for one of the Si-doped films is shown in
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Figures 9a and 9b. The carrier concentration was computed from the measured values of the Hall
coefficient, kl, using the equation

" = - I -(5)eRN

Equation (5) assumes electron conduction in one band. However, as discussed previously (27).
the data of Figure 9 are consistent with two-band conduction (conduction and impurity bands)

CONCLUSIONS

We discussed the growth of GaN on sapphire (0001). The surface of the substrate was first
converted to atomically smooth AIN by plasma nitridation and the GaN film was grown on the top
of this AIN-buffe. .oing a two temperature step process. It was shown that this process promote,
growth in the layer-by-layer mode. Plasma conditions to grow either conducting or insulating film,
were identified and the effect of these conditions on the structure. microstructure, and electrical
properties were discussed. The insulating films were doped p-type or n-type by incorporating Mg
or Si respectively. Carrier concentrations in the range of 108s - 101oCm-3 were obtained without
requiring any post growth annealing.
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HIGH MOBILITY GaN FILMS PRODUCED BY ECR-ASSISTED MBE

R.J. Molnar, T. Lei, and T.D. Moustakas

Molecular Beam Epitaxy Laboratory, Department of Electrical, Computer, and Systems Engi-

neering, Boston University. Boston, MA 02215

ABSTRACT

High electron mobility autodoped GaS filmb were produced by the ECR assisted MBE

method. The net electron concentration was varied systematically from 2 x 1019 to 2 x 10,"cm-3

by controlling the active nitrogen overpressure. Correspondingly. the electron mobility increased

from 20 to 210 cm
2
V-'sec-1. The line through the experimental data also predicts the electron

mobilities of GaN films produced by the CVD methods.

INTRODUCTION

GaN films, produced by a variety of vapor phase methods, are autodoped n-type, a result

attributed to the formation of nitrogen vacancies during film growth. In general, the net carrier

concentration in such films was reported to be in the range of 10is - 1020Cm-
3 

(1). Recently.

GaN films grown by the MOCVD method either with an AIN-buffer (2), or with a GaN-buffer
(3) were found to have carrier concentrations of between 1 0 16 - 1017cm-

3 
and electron mobilities

as high as 900 cm
2
V-isec-i.

In this paper, we report for the first time the growth of high mobility autodoped GaN films

by Electron Cyclotron Resonance assisted Molecular Beam Epitaxy (ECR-MBE). The transport

mechanism in these films was investigated by studying the temperature dependence of the Hall
constant and resistivity.

EXPERIMENTAL METHODS

The thin film deposition system used in this study consists of a Varian Genii MBE unit with

an ASTeX compact ECR source inserted in one of the effusion cell ports. A conventional Knudsen
effusion cell was used to evaporate Ga. while active nitrogen was provided by passing molecular

nitrogen through the ECR source.

The GaN films were grown on the c-plane (0001) of sapphire. The substrates were degreased
and etched in H3 P0 4 : H 2S04( 1: 3) for the removal of surface contaminants and mechanical

damage due to polishing and finally rinsed in de-ionized water. After these steps, the substrates
were blown dry with nitrogen, mounted on a BN block, and transferred to the introduction

chamber of the MBE system. In the preparation chamber, the substrates were heated to 850C
for approximately half an hour and then transferred to the growth chamber where they were

subjected to bombardment by nitrogen plasma for approximately half an hour at 800"C. As

discussed elsewhere (4,5). this resulted in the formation of an atomically smooth AIN layer.
The GaN film was grown on the top of this AIN-buffer in two temperature steps as described
elsewhere(4,5). First, a thin (-200A) GaN-buffer was grown at 500

0
C and the rest of the film,

typically 2,*m thick, was grown at 8000C. This two step process leads to quasi layer-by-layer

growth.(5)

The samples were abrasively etched into Van der Pauw lamilla and electrical contacts were

formed by soldering gold wires with indium. The samples' conductivities and Hall constants were

measured as a function of temperature.

Mat. Res. Soc. Symp. PrOc. Val. 281. 19f3 Malerials Research Society



766

RESULTS AND DISCUSSION

Although the films were not intentionally doped, Hall effect measurements indicate that they

have n-type conductivity. The magnitude of the electron mobility vs. the net electron concentra
tion at 300K for the investigated films is shown in Figure 1. Also shown in the same figure are

the results reported for GaN films produced by CVD methods (2,3,6). It is important to note
that all data follow the same trend, which can be extrapolated to predict the electron mobility of

relatively pure and defect free GaN-films. For example, a GaN film with net carrier concentration

of 10'
4

cm-n is predicted from this graph to have an electron mobility of about 10
4
cm

2
'V-sec-'.

which is comparable with that of GaAs.

1000

"" this work

x e Ilegems

-"A Akasaki

E 1 00 " NE Nakam ura
E \=

I =\

10 16 17 19 20
10 10 10 10 10

n [cm-3 ]

Figurr 1. Electron mobility vs. net carrer concentration at 300K for a number of GaN films.

The electron concentrations in Figure I were calculated from the expression

I(I)
eRjj

where Rt1 is the ilall constant. Equation (1) assumes electron conduction in one band. As
discussed previously (7), this assumption is valid at 300K. but at lower temperatures. conduction
in the autodoping centers (presumably nitrogen vacancies) becomes dominant. This is illustrated

in Figures 2 and 3, where we plot the Hall coefficient and resistivity of the most insulating of our

films vs I/T. As discussed previously (7), these data indicate that at about 100K. the transport
switches from the conduction band to the band of the autodoping centers. Thus, in general, the
lHall constant and resistivity of these films slould be described by two band expressions:
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2nc/2 + nd2ld
(11,n11 + Udld)P4

p - (3)

n"ALlc + ridelld

where n, and rid are the concentrations of conducting carriers in the conduction band and the band

of tile autodoping centers respectively; it, and Pd are their corresponding mobilities. Equations
(2) and (3) can account for the experimental behavior of Figures 2 and 3. Similar behavior
was reported also by Uegems (6) and Akasaki (2) for the GaN films grown by CVD methods.
Nakamuora (3), on tie other hand, who producet ;aN films with the smallest carrier concentratiot,
H3 x I01lcm-") sees only transport in the conduction bind down t- 40P".

Temperature [K] Temperature [K]

300 40 20 13.3 300 40 20 13.3
100 ------. 1.00 T-- - -. ..

o lO"•.. . Ol
-ý2 10 "0.a. , .010,
E

1 .... .... . . .. ... . .. 0 .0 1
0 25 50 75 0 25 50 75

1000/T [K'I] 1000"/T [K-1

Figure 2. Hall Constant es. ]IT for Figurr 3. Resistivity vs. 1/T for the
our higest mobiltiy GaN Film same GaN film discussed in Figure 2.

The temperature dependence of the electron mobility for the film discussed in Figures 2 and
3 is shown in Figure .1. The high temperaure data in this Figure are characteristic of transport
in tile conduction band, while the low temperature correspond to transport in tihe band of the
autodoping centers.

CONCLUSIONS

We have demonstrated the growth of high mobility GaN-films grown by the method of Electron

Cyclotron Resonance assisted Molecular Beam Epitaxy. The relation between mobility and net
carrier concentration also predicts the results on (;aN films grown by CVI) methods as well as
anticipates the values of electron mobility for purer and relatively defect free GaN films. For
;aN films with carrier concentrations larger than lOl'cm-3. transport in the autodoping center

becomes dominant at temperatures below 300K.



768

1000 ..

04 100
E
S.)

10
10 100 1000

Temperature [K]

f1qu9r 4. It'oapcmtrurr dripendrcrt of thfc 1ctro1rn mobhlay for
the filn d•.•cusscd in hFgurs 2 and 3

Acknowledgements

This work was supported by the Office of Naval Research (Grant Number N00014-92-J-1436).
We acknowledge the collaboration wilt Olga Razumovskv and James Foresi.

REFERENCES

1. JIl. Pankove, Mat. lies. Soc. Syrip. Proc., vol. 162. 515 (1990).

2. 1. Akasaki and II. Amano, Mat. lies. Soc. Syrup. Proc.. vol. 2j.1, 393 (1992).

:1. S. Nakamura, T. Mukai, and M. Senoh, J. Appl. Phys., 71, 5513 (1992).

•1. 1.I). Moustakas, R.J. Molnar, T. LIei. G. Menon. and C.-A. Eddy Jr., Mat. Res. Soc. Proc.,
vol. W . .127 (1992).

r. T.). Moustakas. 1'. Lei. and 1{l1. Molnar. l'hvsica II; Condensed Matter (accepted for publi
cation).

6. M. Ilegenis, J. ('rystal Growth, 13/1.1 360 (1972).

R.I. Molnar. T.Ii, and T1.T). Moustakas. Appl. 'hys. Iett., 62 (Jan. 1993).



Appendix D : "Electron Transport Mechanism in Gallium
Nitride"



Electron transport mechanism in gallium nitride
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(Received 23 July 1992; accepted for publication 20 October 1992)

The electron transport mechanism in autodoped gallium nitride films grown by electron
cyclotron resonance microwave plasma-assisted molecular beam epitaxy was investigated by
studying the temperature dependence of the Hall coefficient and resistivity on samples with
various concentrations of autodoping centers. The Hall coefficients go throu.h a maximum as
the temperature is lowered from 300 K and then saturate at lower temperatures. The resistivities
in the same temperature range initially increase exponentially and then saturate at lower
temperatures. These findings are accounted for if a significant fraction of electron transport, even
at room temperature, takes place in the autodoping centers and that conduction through these
centers becomes dominant at lower temperatures. The activation energy of these centers was
found to be on the order of 20-30 meV. When the concentration of the autodoping centers
becomes smaller than that of deep compensating defects, the material becomes semi-insulating
and transport by hopping in the compensating defects becomes dominant.

Gallium nitride (GaN) is one of the most promising end of the run with microscopic Ga droplets. due to phase
wide-band-gap semiconductors for the development of separation of excess Ga in the GaN films. To study the
high efficiency UV-vis photonic devices due to its direct transport properties in these films the Ga droplets are
band gap. The majority of reported work indicates that the etched by emersing them in concentrated HCI. The insu-
GaN films are autodoped n-type, a result generally at. lating films, which are grown at high nitrogen overpressure
tributed to nitrogen vacancies. 2,2 In general, the defect are free of Ga droplets.
structure of GaN films is poorly understood and very dif- The structure and surface morphology of these films
ficult to control experimentally, resulting in difficulties in were reported elsewhere.") X-ray diffraction studies indi-
doping this material p-type.2 '3 cate that the films are high-quality single crystals with full

GaN films produced by a variety of deposition meth- width at the half-maximum of the e-rocking curves found
ods were generally found to have low electron mobilities to be - 10-20 main.
( < 100 cm2/V s) and high carrier corsrntration ( > 10t8 The films were grown at a deposition rate of 0.2 pm/h
cm- 3 ), 2'3 although there have been rmportsW 5 of mobilities and were 1-2-jim thick. The samples were abrasively
-600 cmZ/V s and carrier concentraiiun - 1016 cm- 3. etched into Van der Pauw lamilla and ohmic contacts were
Some other workers6"7 reported semi-insulating films. One made by annealing indium pads. The transport coefficients
would expect that more lightly doped films would have were measured from 10 to 300 K in a closed loop helium
higher Hall mobilities. However, such films generally do cryostat. The magnitude of the magnetic field was varied
not have measurable Hall coefficients, suggesting low car- up to 7 kG and the current through the sample was varied
rier mobilities, 6'7 while highly conductive (even degener- from 10-' to 10-' A.
ate) samples readily have mobilities > 20 cm 2/V s. This The resistivities of the investigated samples at 300 K
anomaly has not yet been accounted for. are shown in Table 1. All the samples are n-type and their

In this letter, we report on Hall measurements per- room temperature resistivities vary from 0.01 to 0.12
formed on a number of GaN thin films grown on the fD cm. Figure 1 shows the Hall coefficient vs I/T for the
(0001) plane of sapphire by the electron cyclotron reso- investigated samples. For the more resistive samples (118,
nance microwave plasma assisted molecular beam epitaxy 119. 110, 115) the Hall coefficient goes through a maxi-
(ECR-MBE) method. The data is analyzed by taking into mum. The temperature at which this maximum occurs is
account that conduction through defects makes a signifi- higher for samples with lower resistivity. The Hall coeffi-
cant contribution to the electrical transport. The proposed cients for all the samples saturate to constant values at low
model also accounts for the low mobility in the semi- temperatures. The resistivity vs 1/T of the investigated
insulating films. films is shown in Fig. 2. In all samples the resistivity ini-

The films were deposited by the two-step growth pro- tially increases as the temperature is lowered and then sat-
cess in which a GaN buffer is grown first at relatively low urates to a constant value.
temperatures and the rest of the film is grown at higher The observed decrease in :,-e Hail coefficient at low
temperatures.i-12 This method is capable cf producing ei- tern-peratures is not :: nuial "or ;emiconductor, I Similar
ther conductive or insulating films. The conductive films, behavior has been ob',er'.ed fcr jAN films grown by chem-
which are reported here. are generally grown under condi- ical vapor deposition: ;ý ' The d4ata of Figs I and 2 bear
:ions Ihih substrate temperature, low nitregen overpres- resemblance to beha\','r obser,.ed in f,-t.pe and n-type
sure) which are beihe,.cd to lead to the introduction of Go.'- where a modei :r.,,.ol;n _i transpor' in noth the defect
nitrogen vacancies.' Tiese films tend to be covered at the cen:e-s and the conuud.';rn "anui %,as ,ntroduced to explain

" " Appl Phys, Le:t 52 , January 1992 0003-6951/93/W: ,C -_203S06.00 ' Americ3n nstitute a' 0vsics 7



TABLE I. Room temperature resistivities of the investigated samples. Temperature [K]
300 40 20 13.3

Sample Thickness Ijpm) Type Resistivity at 300 K [1 cm] 103

118 1.9 n 0.121
119 1.7 n 0.074
110 1.8 n 0.038 1
115 1.8 n 0.025 T 118

114 1.1 n 0.012 g+ a 1196 ,,

the phenomenon. The conduction in the defect centers may . .
be either diffusive, due to the small but finite overlap of the 1 **
localized electron wave functions of the defect centers or a 0.1

hopping." Therefore the defect band mobility is expected - - . -110;S~115
to be small compared to the conduction band mobility, and I . -
defect band conduction only becomes dominant when car- /
riers in the conduction band become negligible. 1 x x X x x x • 114

The results of Figs. I and 2 can be fitted to such a 0.01
two-band model in order to determine the relative concen- 0 25 50 75
tration and the corresponding mobilities of electrons in the 1000/T [K-"]
autodoping centers and the conduction band. Let us as-
sume that the donor concentration in our films is Nd, with
an activation energy AEd, and that the concentration of FIG. 2. Resistivity vs 1IT.

deep compensating centers (due to defects such as dislo-
cations) is N.. At a given temperature, a portion of the net n2u + (No-nc)/t
carrier concentration (Nd-N,) is excited into the conduc- RH= [n (No-nC)d (2)
tion band and has mobility /•c and concentration n,. The [ nuc+ (No- nc)MdI'e

unexcited carriers remain in the defect states with a much and the measured resistivity is
lower mobility Ud and concentration nd. The net carrier
concentration of the conducting carrier is p=a--neuc+ (No-nc)el. (3)

No=nc+nd=Nd-N0 . (1) Letting bpdlpt, we have

(I -b 2 )n,+Nob(
Taking both these contributions into account, the Hall co- (I -b)n,+Nob] 2 ' (4)
efficient, Rn can be expressed as16

I
P= Me[ (I -b)n,+Noble" (5)

Temperature [K] Note that if n, is much larger than nd (the high tempera-
300 40 20 13.3 ture limit), the expression for RH reduces to the expression

100- ' used for one-band conduction. However, for /#-O,- as the

temperature is lowered the carriers in the conduction band
.++ will decrease to the point where conduction through the

S.118 defect states will dominate. It is also apparent from Eq. (4)
.o a W that eRH at both temperature limits is the same and equal
E 10i a * * * 1193 * to l/No. If b is not a strong function of temperature, it can
0
o 4 be shown that eRH in Eq. (4) has a maximum

(l+b)
2

E eR H M,= 4NOb (6)
__ 1101

J. 115:
1::"115: when

N ob
... (.. 114I (l+b)(

01 _ Then the expression of R H in Eq. (4) qualitatively predicts

0 25 50 75 the shape of the experimental curves shown in Fig. I.

1 0001T [K-'] The parameters Pd.1 4, n,. and n, are related to RH and
p by Eqs. (4) and (5). However, at each temperature,

FIG 1. IHall coefficient vs 1IT, there are three unknowns for the two equations. Hung
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TABLE II. Values of No and AEd for samples studied. 1018

Sample No [carrier/cm3 ] AED meV] 9- A d
118 4.75x 1017 19.09 E -.O "A AA I•'t

119 5.0Ox 10"l 18.82 r-A

110 4.OOX 10
8  32.16 . nmeasAAA AA

115 5.56x 10"' 31.31 A

114 2.19X 1019 "" A

CC

o 10f7

16

et al.t6 analyzed the Ge data by assuming that the mea- A

surements at high temperatures were dominated by the
conduction band electrons and extrapolated the carrier
concentration curve to low temperatures to predict nc at A

low temperatures. However, we found that in our case, the 101610 .ii 0oo0
defect band conduction is not negligible even at room tem- Temperature [KI
perature and therefore we did not adopt this approach.

In the case of a well-defined activation energy AEd, the FIG. 4. Temperature dependence of n,, n, and nd-

carrier concentration in the conduction band is expected to
change exponentially with temperature. The parameters ping in the compensating centers leading to low electron
N, AEd, and , d at each temperature can be extracted obilities.
using E, (4)-(7). 12 aTh extrachtem ralures cn No erantd AIn conclusion, we studied the transport mechanism of
using Eqs. (4)-d7).' 2 The extracted values of N0 and AEd a number of GaN films produced by the ECR-MBE
for each of the samples are listed in Table 11. method. The experimental results were accounted for by

Figure 3 shows the temperature dependence of p,• and invoking conduction both through the conduction band

Pd calculated for sample No. 119. The temperature depen- and the autodoping centers at 20-30 meV below the con-
dence of ju, is typical of semiconductors. The scattering is duction band. When the concentration of the autodoping
dominated at low temperatures by ionized impurities and centers becomes smaller than the deep compensating de-
at high temperatures by phonon scattering. Figure 4 shows fects, the material becomes semi-insulating and the trans-
the temperature dependence of n, and nd calculated for the port is determined by electron hopping through the deep

same sample (119). compensating defects. This accounts for the low electron

If the concentration of donors is smaller than the deep mobility of the semi-insulating GaN films. The nature of

defects known to exist in GaN films, the material will be the autodoping centers is assumed to be nitrogen vacancies,

fully compensated with its Fermi level pinned by these and their energy levels are found to be 20-30 meV.
We would like to thank M. Yoder for his encourage-

defects. In such a material, transport is dominated by hop- ment in this effort. This work was supported by the Office
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Metal contacts to gallium nitride
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We report measurements on the nature of aluminum and gold contacts to GaN. The GaN films
were deposited onto the R-plane of sapphire substrates by molecular beam epitaxy and are
autodoped n-type. Metal contacts were deposited by evaporation and were patterned
photolithographically. Current-voltage characterization shows that the as-deposited aluminum
contacts are ohmic while the as-deposited gold contacts are rectifying. The gold contacts become
ohmic after annealing at 575 °C, a result attributed to gold diffusion. The specific contact
resistivity of the ohmic aluminum and gold contacts were found by transfer length
measurements to be of device quality (10-_10-1 in M2). The results of these studies suggest a
direct correlation between barrier height and work function of the metal, consistent with the
strong ionic character of GaN.

Gallium nitride (GaN) is a direct, wide band-gap tion boats were used to evaporate 99.999% pure Al and
semiconductor (E,_3.4 eV) whose conduction band Au. The substrates were kept at room temperature during
structure allows for a high saturation velocity (3 x 107 cm/ the evaporation. Prior to photolithography, the samples
s).1,2 Due to these unique properties GaN is expected to were degreased. Following metal deposition, the metals
find applications in optical devices (LEDs, lasers, detec- were patterned using liftoff techniques which consisted of
tors) operating in the spectral region from the blue to ultrasonic baths in acetone and methanol. The contacts

near-UV and in electronic devices such as high tempera- were patterned in TLM structures which consist of three

ture, high power, and high frequency transistors. square contacts separated by known distances [see Fig.

GaN films are generally n-type3 with carrier concen- I (a)]. The same contacts were also used in pairs to eval-

trations between 1018 and 1020 cm- 3 and electron mobili- uate the rectifying nature of the metal/semiconductor in-

ties of about 20 cm 2/V s. The n-type autodoping is attrib- terface by I- V characterization. Because these pairs of con-

tjted to nitrogen vacancies. The most important recent tacts were deposited on the 'zurface of the GaN films, they

development is the discovery that A IN4 and GaN'-' buff- constituted back-to-back Schottky barrier systems.

- ers lead to lateral growth which significantly improves the I- V characterization was carried out by injecting up to

surface morphology and the electrical properties of the ± 20 mA with a current source and measuring the voltage

films. across the same contacts with an electrometer. I-V char-

In this letter, we report our initial investigation of acterization was performed on both as-deposited metal

metal/GaN contacts. Metals investigated include Al and contacts and metal contacts which had been annealed in a

Au. Current-voltage (I-V) measurements and transfer reducing atmosphere for 10 min at 575 *C. All of the mea-

length measurements (TLM) of the specific contact resis- surements were made in atmosphere at room temperature.

tivity are presented. Measurements of the specific contact resistivity were

The GaN films used in this study were grown by the made using the TLM method which is employed widely in

ECR-MBE method without a GaN buffer layer.11,1 2 All the characterization of ohmic contacts to semiconduc-

films were deposited on sapphire substrates with R-plane to 16 The technique requires the formation of contacts

orientation. X-ray diffraction studies show that the films
have the wurtzitic crystal structure with (1120) orienta-
tion, which leads to a faceted surface morphology.' 2 The v
faceted surface makes these films unsuitable for planar de- - I LT

vices, however, the metal contact results presented in this ER
letter should be applicable to GaN films grown on other
substrates and orientations. The transport coefficients were 2R
determined by Hall effect measurements using the Van der
Pauw configuration. The investigated films were n-type Semicondur"

with resistivities of about 10- 1 f) cm, carrier concentration 1='2LT 1t 12 1

of 3 X 1018 cm- 3 and Hall mobilities of about 20 cm 2/V s.
The thickness of the films was 1.6 pm. (b) J,,

The Au and Al contacts were deposited on the GaN FIG. I. (a) Sample configuration for I-Vand TLM characterization. The
films by thermal evaporation and patterned using photoli- thin vertical stripe is a 10 pm wide area of exposed GaN. The three wide

thography and liftoff techniques.1 3 The base pressure of the rectangles are metal contacts separated by 20 and 15 pm. (b) Schematic
of current flow through planar contacts. Nearly all of the current flows

evaporation unit was 10-' Torr and the system was cry- through one transfer length, L,. of the contacts' front edges. (c) Plot of

opumped to keep the chamber oil-free. Tungsten evapora- the measured resistance against the contact separation.
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FIG. 2. I-V characteristics of as-deposited AI/n-GaN and Au/n-GaN FIG. 3. I-V characteristics of annealed At/n-GaN and Au/n-GaN
structures. structures.

with controlled geometry and evaluates the difference in mation of a Schottky barrier. This Schottky barrier is leaky
resistance between equally sized pairs of contacts separated due to tunneling effects arising from the high carrier con-
by different distances. The specific contact resistivity (p,) centration of the films and the possible existence of an
is calculated from a measurement of the effective contact interfacial native oxide layer.13 These results indicate that
resistance (R,), the contact width (W), and the transfer the barrier height depends on the metal used.
length (LT): The I-V curves for the same contacts after annealing.

shown in Fig. 3, suggest that both the Al and Au contacts
p,=RWLT (1) have changed during annealing. The I- V curves of the Al

The effective contact resistance is given by: contacts acquired a slight curvature and the calculated re-
sistance increased by about 50%. These changes may be

2 R21- RI (2 attributable to the formation of an interfacial AIN layer
1-- 12 ,during the annealing process. No experimental work was

performed to confirm the existence of such a layer. The I- V
whered 11apartan 2 is the resistance measured between ccurves of the Au contacts became practically linear. A
spaced 12 apart and R2 is the resistance measured between similar result has been observed in Au contacts to GaAs
contacts spaced 12 apart. In a planar contact configuration, and attributed to Au diffusion in GaAs.' 8 Analytic mea-
nearly all of the current enters the semiconductor through surements and electron microscopy have not been per-
a small area at the edge of the contact. 17 The parameter LT formed to confirm Au diffusion. The GaN material, how-
is the length of this area as indicated in Fig. 1(b). This ever, has 1018-1019 cm- nitrogen vacancies which should
quantity is estimated by plotting the resistance of two pairs facilitate the Au diffusion even though the material is
of contacts against the distance separating the individual tightly bonded.
contacts within each pair. The line connecting the points The specific contact resistivities of Al and Au contacts
RI and R2 crosses the resistance axis at the 2R, point and were measured by the TLM method after annealing. The
intersects the distance axis at the - 2 LT point [see Fig. results in Table I show specific contact resistivities mea-
l(c)]. sured for a number of contact pairs on a single GaN sam-

The TLM technique relies on the assumption that the pie. The variations in the contact resistivities can be attrib-
semiconductor material under the contact has not been uted to the nonuniformity of the film. All of the contacts
doped differently than the bulk material, and the accuracy measured have specific contact resistances in the 10-7-
of the method depends on the ability to control the sepa- 10 - fl m2 range. The lowest specific contact resistivities
ration between the contacts. Due to the faceted surface
morphology in our films, the determination of the contactareas was difficult and limited the accuracy of the specific TABLE i. Specific contact resistlvittes for Au/n-GaN and AI/n-GaN

after annealing. Measurements correspond to different TLM studies of a
contact resistivity to within an order of magnitude. single sample.

The I-V characteristics of the as-deposited Al and Au
contacts are shown in Fig. 2. For both metals the I- V Specific Specific
curves are symmetric about the origin as is expected for contact contactresistivIty resisti' ity
back-to-back Schottky barriers where the characteristic is Metal ( 10 () m) Metal ( fl in

2 )

that of a reverse-biased barrier irrespective of the current
polarity.' 7 The Al contact I-V characteristics are linear Au 1.6 Al 0 12
indicating that the contact is ohmic with no apparent bar- 3.1 1 4
rier to current flow. In contrast, the I- V characteristics of 30
the Au contact exhibit curvature associated with the for-
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.0zs MN ZnO SrTAO sen to form either ohmic or Schottky barriers to n- or
z Gs 0 AINp-type GaN. For example, Al can form ohmic contacts to

0GaS n-type GaN and Au can form ohmic contacts to p-type
- GaN. Other factors may also play a role in choosing the

0. CdS proper metals for contacts to GaN. For example, Au ap-
0Gasc pears to diffuse upon annealing in the GaN. Thus, the use

SZnSe of Au as a contact to GaN requires a thin interlayer of Ti
S 0.4 sic or Cr as a diffusion barrier.15 Also, annealing of Al con-

Te UCs, tacts may result in the formation of a thin insulating Al N

0.2 CdTe interlayer, which will increase its contact resistance.
il s In conclusion, the nature of Al and Au contacts to

0 0 n-GaN were investigated. It was found that the as-

0.2 0.4 0.6 0.8 1.0 1 1.4 1.6 18 2.0 2.2- 2.4 deposited Al- and Au-contacts are ohmic and rectifying,
Ax X 1.87 respectively. This result is in direct agreement with data

indicating that ionic materials do not suffer from Fermi
level pinning at metal/semiconductor interfaces. The lack

FIG. 4. Dependence of S=dciV/dXr, (change in barrier height over the of Fermi level pinning greatly reduces the complication of
change in metal work function) on the electronegativity difference be-
tween the components of the compound (after Ref. 20). creating ohmic contacts to GaN as it is only necessary to

determine metals with appropriate wor! functions. Mea-
surements of the specific contact resistivities of Al and Au

reported for GaAs are _0- f1 m2 for high quality annealed contacts on GaN give values in the range of
AuGeNi contacts. 10-7-10-1 l m 2 which are of device quality.
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The structure of GaN films grown by electron-cyclotron-resonance-assisted molecular beam
epitaxy on Si(ll1), Si(001), basal-plane sapphire, a-plane sapphire, and r-plane sapphire
substrates was studied with four-circle x-ray diffractometry. Phase content, domain size,
inhomogeneous strain, and in-plane and out-of-plane domain misorientations were measured
and compared for films grown on each type of substrate. Wurtzite and zinc blende polymorphs
were found to coexist in films grown on Si ( 111 ). The two structures grow in the (0002) and
( 11) orientations, respectively, so that they may transform into each other via stacking faults
on close-packed planes. Smaller amounts of zinc blende material were also found in
predominately (0002) wurtzitic films on a-plane sapphire and (1120) wurtzitic films on r-plane
sapphire.

I. INTRODUCTION tively), the wurtzite (0002) and zinc blende ( 111 ) stack-
ing planes have the same lattice spacing. The wurtzite

The growth and properties of GaN films have been (1120) and zinc blende (110) lattice spacings are also
under extensive investigation because of their potential ap- equal to each other. Standard 0-20 x-ray diffraction scans
plications as light-emitting devices in the blue, violet, and measure only the lattice plane spacings parallel to the film
near-ultraviolet spectra.'"2 It is known that GaN exists in surface and therefore cannot distinguish between the zinc
-two polymorphs: wurtzitc and zinc blende structures with blende and wurtzite polymorphs if they have one of the
direct band gaps of 3.4 and 3.2 eV, respectively. The two above orientations. Moreover, rocking curves of these "on-
are analogous to hcp and fcc structures, respectively, in axis" Bragg peaks (peaks due to lattice planes parallel to
their stacking sequences. Since bulk GaN substrates are the surface) 9 show only the orientational order perpendic-
not available, films must be grown by heteroepitaxy on ular to the substrate-they yield no information on the
foreign substrates. The majority of GaN films reported orientational order of film domains in the plane.
have grown in the wurtzite structure, most commonly with We report here a comprehensive x-ray diffraction
the basal planes parallel to the substrate. However, epitax- study examining both the in-plane and out-of-plane struc-
ial stabilization of the zinc blende phase has been obtained tures of GaN films grown by electron-cyclotron-resonance-
c,.m GAs, MgO, SiC, and Si substrates (see the citations in assisted molecular beam epitaxy on two of the most impor-
Ref. 1). All substrates used have a large mismatch to GaN tant substrates for technological applications-silicon and
films. sapphire. Silicon substrates were of ( I l) and (001) ori-

Despite the critical role which substrate symmetry and entation. Sapphire substrates were of (0001) (basal-
unit cell size must play in the formation of heteroepitaxial plane), ( 1 120) (a-plane), and (1102) (r-plane) orienta-
GaN films, relatively little detailed comparative structural tions. The details of the growth process have been
work has been performed. While reflective high-energy previously reported along with brief descriptions of some
electron diffraction (RHEED) is often used to character- of the x-ray results.'0- 3 All films studied here were approx-
ize films in situ,3-6 it probes only the surface structure of imately I lim thick and included a thin (- 200 A) GaN
the growing film. Transmission electron microscopy buffer layer at the substrate interface. We have found th. t
(TEM) studies provide important information about the wurtzite and zinc blende GaN polymorphs often coexist in
film microstructure and epitaxial orientation. 7'S but they these materials. This may explain the variable optical and
cannot quantitatively examine the degree of orientational transport measurements sometimes observed in GaN
"--irder between film domains or reliably detect small phase films, 14

components. In contrast, x-ray diffraction examines the
structure of the bulk of the film, can quantify the degre f 1 EXPERIMENTAL METHODS
film orientational order, and can determine oriented minor
phase content down to the l0-4 level. However, x-ray dif- The x-ray diffraction measurements reported here used
fraction measurements limited to Bragg peaks from planes Cu Ka radiation in conjunction with a sagitally focusing
parallel to the substrate have significant limitations. Be- graphite (002) monochromator crystal and Soller slits for
cause the wurtzite and zinc blende structures simply differ low resolution measurements and a Ge ( I ll) crystal for
in their packing sequences (ABAB and ABCABC. respec- high resolution determination of peak widths. The higher
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Srolation 2(T6k -- + ek. (2)

Here D is the average domain size, E,r is the inhomoge-
Y rotation neous strain, i.e., the FWHM variation of the interplanar

spacing d through the film 6d/d, and we assume that the
Sample .finite domain size and iiihomogeneous strain contributions

lead to Lorentzian peak shapes. The different angular de-
---------/ -- ---- -/ Incident Beam pendencies of the inhomogeneous strain and the domain

size allow them to be separately determined from measure-
ments of two or more diffraction peaks. Various factors can
"contribute to en, including local stresses due to disloca-

k tions and mismatch as well as "stress-free" strain due to

varying chemical stoichiometry through the film.

Detector As mentioned in the introduction above, in many cases
"0-20 measurements do not uniquely determine phase pres-
ence and orientation in GaN films. Because the wurtzite

FIG. L S tand zinc blende structures are based on a simple stacking
sequence analogous to hcp and fcc packings, the (0002)

and (1120) planes of wurtzitic GaN films have identical
spacings and structure factors as do the (I 11) and (220)

flux graphite configuration was used for scans covering a planes of zinc blende GaN, respectively. Thus if a film
wide range of angles and to examine weak peaks; its angu- grown in one of these orientations, 0-20 diffraction scans
lar resolution is approximately 0.1*. The low flux of the Ge of these peaks cannot distinguish between the two poly-
crystal configuration limited its application to relatively morphs. However, the periodicities of the two structures
strong Bragg peaks, its angular resolution is approximately are fundamentally different-the stacking sequence repeats
0.01%, which is much smaller than the diffraction widths of every two planes in wurtzite; every three in zinc blende.
the peaks observed from the GaN. Since most of the line Tht . nere are "off-axis" diffraction peaks from planes in-
shapes observed could be fit to a Lorentzian function, the clined relative to the substrate which unambiguously be-
instrumental resolution could be subtracted directly from long to either the zinc blende or the wurtzite structure. We
the measured peak widths to yield the net peak width val- have examined these to determine the phase contents of the
ues cited throughout the rest of the paper. films in this study.

The experiments utilized a four-circle diffractometer We have also performed measurements to examine the
which allowed access to a large volume of reciprocal orientational quality of the thin films. Rocking curves of 0
space. 15 A schematic of the four-circle geometry is shown around the on-axis Bragg peaks were used to examine the
in Fig. 1. The horizontal plane M is defined by the incident orientational spread of the film parallel to the surface nor-
and reflected beams; X is defined as the angle between the mal. The spread of in-plane orientations as well as the
sample surface and plane M and X=O when they are par- epitaxial relationship between substrate and film axes in
allel. The angle 6 measures the rotation around the surface the plane were determined with 4 scans, in which the sam-
normal of the substrate and 20 is defined as the angle be- pie was rotated about its normal while 0. 20, and X were
tween the incident and reflected beam. The angle 0 mea- held fixed at the peak position.
sures the sample rotation around the axis perpendicular to
the M plane. III. EXPERIMENTAL RESULTS

Several different types of scans were utilized to char-
acterize the thin films. The simplest, 0-20 scans, measure A. GaN on SI
the film structure along the surface normal fi, giving infor- 1. GaN on SI(1 11)
mation on phase presence and orientation. Homogeneous X-ray 0-20 scans of films on Si( Ill) show only two
strain in the film due to uniform stress or nonstoichiomet- pe a y w -2c a ns as on S i( 0002) an d/o
ric composition is reflected in Bragg peak shifts relative to peaks which are indexed as the wurtzite (0002) and/orthos exectd frm masued GN lttie costats.In- zinc blende ( Ill!) and their harmonic. The peak positions
those expected from measured GaN lattice constants. In- yield a d spacing of 2.59 A., which is consistent with pre-
homogeneous strain and finite domain sizes act to broaden vious lattice constant measurements.' No other peaks were
the 0-20 Bragg peaks. The full width at half-maximum observ
(FWHM) of a Bragg peak in a 0-20 scan includes both ed, ruling out the existence of other epitaxial orien-
effects�' tations down to the 0.1% level. Since data from only two

peaks are available, the separation of the peak widths into
domain size and inhomogeneous strain broadening using

(5t 2 Dcos 0+ c, tan 0. (1) Eq. (1) has limited accuracy. However the theta FWHM
of the fundamental peak and its harmonic are 0.08' and
0.19%, respectively, implying that the dominant contribu-

or. in reciprocal space tion to the widths comes from an inhomogeneous strain of
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A earlier reports17 of wurtzite formation on Si (I II) could
I-scan I (r.l.u.) not distinguish between wurtzite and zinc blende struc-

A tures, so that similar polymorph coexistence may have
+ 4 been present there as well.

4 It is possible that the zinc blende and wurtzite phases
z(113)' 3 nucleate independently on the substrate. However, in co-
z(022) bait and silicon carbideli it is known that the two analo-

* 2 gous hcp and fcc polymorphs can nucleate each other at
stacking faults on the close-packed planes. Moreover. twin-

z(002)' Y ning in metallic crystals as well as in CdTe' 9 films can

z(111) occur in the same way. It is therefore possible that the
0 coexistence of the two polymorphs and of the two zinc

(1011) (0)()) blende twins in the GaN films may be related to the pres-
ence of stacking faults. While it is difficult to definitively
confirm this with x-ray diffraction. TEM studies21 per-

FIG. 2. Schematic of reciprocal space showing a scan along the [101/] formed after out initial reports of these results22 have
direction. The dots are allowed wurtzite reflections and the trmangles show shown conclusively that wurtzite and zinc blende polymor-
the allowed zinc blende reflections for each of the two twins (primed and
unpruned). The off-axis zinc blende reflections are labeled with respect to phs do nucleate each other at stacking faults in InN films.
the cubic cell. but the graph units are wurtzite reciprocal lattice units Within each of the two phases, however, the occur-
(r.l.u.). rence of stacking faults can be examined with x-ray

diffraction. 20 The faults formed during the growth process
here occur mostly on the close-packed plane parallel to theapprximtel 0.%. he rainsiz esimaed romthe substrate, i.e., the growth plane of wurtzite (0002) and

peak widths is resolution limited, so that the coherent do-

main size must be larger than approximately 1500 A. zinc blende ( Ill). Therefore the on-axis wurtzite (0002)

In order to better investigate the polymorph content of and zinc blende (111) peaks themselves are insensitive to

the film, separate diffraction scans were performed in the stacking faults since they represent Fourier density com-

[00011 direction through the wurtzite (1011), (1101), and ponents perpendicular to the stacking planes. However,
(112/) reciprocal lattice points [Figs. 2 and 3 show the faults do affect certain off-axis diffraction peaks from
scan through the (t101 peaks]. The scans show that there planes inclined relative to the surface. 20 In the wurtzite
are significant components of both wurtzite and zinc structure, those diffraction peaks (hk.I) with (h-k)#3n,

where n is an integer, are broadened by faulting so that the
blende phases in the materials. The zinc blende further FWHM of a Bragg peak for diffraction scans along the
exists equally in its two twins corresponding to AB- 1] diffraction is
CABC... and CBACBA...packing. The relative heights of 000
the zinc blende and wurtzite peaks suggests that approxi- 27f 23a+3fl3
mately 25% of the film is zinc blende and the remainder is 6k =- + •mk + (3)
wurtzite. The in-plane orientation between the two poly- D c
morphs is wurtzite [1010] 11 zinc blende [110], which is the
orientation required in order for the close-packed planes of for even I and

the two polymorphs to be in registry. It is noteworthy that
2+f 2(3a+P) (4)

10'4 for odd I Here we assume that the predominant faults in
,- o the material are deformation faults (...ABAB I CACA...)

and growth faults (...ABAB I CBCB...) with probabilities a
S10 aI :2 and (3 of occurring in a given plane, respectively, and c is

Ei-!" the c-axis lattice constant. Measurements of the peak
= 2 widths of the (1013) and (1014) peaks show that they

1-1 r, .both have an excess width associated with faulting of ap-
. I proximately 0.007 reciprocal lattice units (21r/c). Thus the

dominant faults appear to be the deformation faults with
-111-a 0.007 and the distance between faults is approximately

10 0 cla - 800 A.
0 1 2 3 4 5 It is more difficult to measure faulting densities accu-

/ [r.u.] rately from the lower intensity zinc blende peaks. Those

diffraction peaks (hkl) with (-h-+-2k-1):-6n would be
FIG. 3. A diffraction scan along the wurtzitc 1101/ direction. The I broadened and shifted by faulting.2" If we assume that the
reciprocal lattice unit values refer to the wurtzite c axis and the wurtzitc
and zinc blende peaks are labeled. The origin of the small peak at 2+6t, predominant faults are deformation faults
r.l.u is unclear (...ABCI BCA...) with probability 1, on a given plane and
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FIG. 4. A obscan at the wurtzite (1102) peak fora film on Si(ll). FIG. 5. A 4 scan at the zinc blende (Ill) peak for a film on Si(IIl).

twin faults (...ABCBA...) with probability g, then the spread of the wurtzite film component is '.9%' twice as large
FWHM of a Bragg peak affected by faulting for scans in as the out-of-plane orientational spread. The epitaxial in-
Fthe of00 dplane orientation is GaN[l 120] I iSi[l 10]. This is the same

orientation as found in earlier growth studies. 17

27T V(3y+2T)
a ( 2. GaN on SI(OOI)

Peak positions are shifted by -k- 3y/47r reciprocal lattice We have previously reported the results of 0-20 scans
units (21r/a), where a is the cubic lattice constant. The and rocking curves of GaN films on Si(001) substrates. "- 2

lack of shifting and excess broadening in the zinc blende The dominant peaks in the 0-20 scans are indexed to zinc
peaks measured with the high flux low resolution graphite blende (002) and (004). The large widths of the two
monochromator limits the faulting probabilities to y, peaks, 0.40r and 0.72, respectively, indicate a higher inho-
S<0.005. The distance between faults must therefore be mogeneous strain and a smaller domain size than occurs on
greater than 600 A in the zinc blende material. the Si(l11) substrate. Application of Eq. (1) yields'an

In addition to the peaks which can be indexed to the approximate inhlomogeneous strain of 0.6% and an effec-
wurtzite and zinc blende structures, there is a very small tive domain size of 500 A.
peak not belonging to these two phases in the (1121) and In addition to the dominant zinc blende (002) peak
(1101) scans at 1= 1.66 reciprocal lattice units. The posi- and its harmonic, the 0-20 scan shows a small peak at the
tion of a peak at a nonintegral I value suggests that it could position corresponding to zinc blende ( 111) and/or wurtz-
be due to a larger superstructure. Polytypes with long re- ite (0002) orientations. Thus approximately 1% of the film
peat periods are well known in the silicon carbide system.' 1 has this orientation. TEM has shown that this component
However, no other peaks attributable to a long-period develops in the early stage of the buffer layer deposition.
polytype are observed and calculations suggest that poly- The rocking curve of the (002) peak is 1.6* wide-
types would not have a strong reflection at this position. much broader than that of GaN on Si( 011). The in-plane
The origin of the peak therefore remains unclear. orientational order of the dominant zinc blende (001)

The orientational quality of the films normal to the phase was examined with a 4 scan of the ( 111 ) reflection.
substrate was examined with 0 rocking curves at the wurtz- It shows a fourfold rotational symmetry with a spread of
ite (0002)/zinc blende (11) peak. The FWHM of the approximately 2.5" about the maxima. The 6 scans show
rocking curve, which is a direct measure of the orienta- also that the epitaxial relationship between film and sub-
tional spread of grains around the surface normal, is 0.9". strate is GaN (100) I ISi(100).
The orientational quality parallel to the substrate was mea- In order to explore the existence of wurtzite and of
sured with 4 scans at the wurtzite ( 1102) and zinc blende stacking faults in the films, we have also performed a series
(11) reflections. The dominant peak in the wurtzite of scans in the [1111 and equivalent close-packed direc-
(1102) scan has the six fold symmetry expected from the tions. Figure 6 shows such a scan from the (002) recipro-
hexagonal structure (see Fig. 4). However, very small cal lattice point to the (Il1) point. The size of the wurtzite
peaks with slightly less than 1% of the intensity of the peaks indicates that approximately 10% of the material is
dominant peaks were observed at 6=30° and 6,=90'. in that phase. However, twinning of the zinc blende in the
These indicate that a small fraction of the domains have an film is quite small-approximately 1 % of the zinc blende
in-plane orientation which differs by 30' from the bulk of material is in the minor twin orientation. This suggests that
the wurtzite component. Phi scans of the zinc blende (i ll) one twin grows preferentially at the substrate interface and
show that these 300 misoriented domains exist in that poly- its orientation is maintained throughout the bulk of the
morph as well (see Fig. 5). The in-plane orientational film.
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FIG. 7. Projection of bulk basal-plane sapphire and GaN cation positions

FIG. 6. A scan along the (I I!] direction from the (002) peak to the for the observed epitaxial growth orientation. The dots mark aluminum

(Ill) peak for a film grown on Si(100). The stacking fault density is atom positions and the dashed lines show the sapphire basal-plane unit

sufficiently high that the Bragg peak intensity is smeared into a streak in cells. The open squares mark gallium atom posiions and the solid lines

this direction (the background to the streak is approximately 2 on this show the GaN basal-plane unit cells. The aluminum atoms on the sap-

scale). The x axis refers to the I component of the scan and is in reciprocal phire plane sit at positions approximately 0.5 A above and below the

lattice units referenced to the zinc blende lattice constant. Peaks due to plane position.

the two zinc blende twins (primed and unprimed) and to the wurtzite
poiymorph are indicated.

The 0-rocking curve of the film (0002) peak has a
FWHM of 0.4°. This is comparable to that observed by

Together, Fig. 6 and scans perpendicular to it show Sasaki and Zembutsu 22 in films grown with metalorganic
that the faulting density in the film is so high that the chemical vapor deposition (MOCVD) and by Shintani
Bragg peak intensities are spread into a streak along the et al. 23 using HVPE, but significantly smaller than that in
close-packed direction; the background on which this MOCVD films grown on AIN buffers by Amano et al.9 Phi
streak sits is only two on the scale of the figure. Scans along scans at the off-axis (1102) wurtzite reflection of GaN
the other three equivalent 1111 cubic directions show a display the dominant reflection peak as 4 rotates every 60r,
similar behavior. Thus the material has a very high density a result of the 6/m symmetry of the rotation axis, as is in
of stacking faults on all four sets of zinc blende close- the case on Si(Ill). However, here no in-plane misori-
packed planes, which are inclined at 54.74* relative to the ented domains were observed. The in-plane orientational
growth plane of (001). In Fig. 6, the wurtzite (1010) peak spread is 0.8, about twice as large as the out-of-plane ori-
has approximately twice the width (0.19 wurtzite recipro- entational spread. The in-plane orientation of the film is
cal lattice units) of the (1011) peak (0.095 wurtzite recip- found to be GaN (I120) Isapphire (1100). This is in
rocal lattice units). If we assume that the average domain agreement with previous reports on GaN films on basal-
size of the wurtzite is much larger than the distance be- plane sapphire grown by a variety of techniques.3-6,24 The
tween stacking faults, then application of Eqs. (3) and (4) lattice mismatch between GaN and the basal plane of the
yields values of a-0.05 and PJ-0.15. Thus the wurtzite sapphire hexagonal unit cell is over 30%. However, as
material is indeed highly faulted-there are stacking faults noted by Kosicki and Kahng,4 the mismatch is signifi-
every few unit cells! As Fig. 6 shows, the zinc blende peaks cantly less ( - 15%1) between the wurtzite basal plane unit
are all much narrower than the wurtzite peaks. Their small cell and a smaller hexagonal cell within the sapphire unit
width implies that the distance between stacking faults in cell. The smaller cell of Al atoms on the basal-plane sap-
the zinc blende polymorph is at least 500 A. phire is oriented 30° away from the larger sapphire unit

cell, in agreement with the GaN orientation found experi-
B. GaN on sapphire substrates mentally. Figure 7 shows that this epitaxial orientation

1. GaN on basal-plane sapphire gives relatively good agreement between the bulk atomic

As was the case with the Si(I 0l) substrate, the 0-20 positions of Al atoms in the sapphire and Ga atoms in the

scan of the GaN film on basal-plane sapphire shows two film.

dominant peaks which correspond to wurtzite (0002)
and/or to zinc blende (111) and their harmonic. The 2. GaN on a-plane sapphire

widths of the two peaks are 0.060 and 0. 11° from which the As is the case for GaN grown on Si( 11i) and basal-
grain size is estimated to be greater than 1500 k& and the plane sapphire. 0-20 scans of GaN film on a-plane sap-
homogeneous strain to be approximately 0.8%. phire show peaks corresponding well to previously pub-

In order to further examine the polymorph content of lished values of the wurtzite (0002) interplanar spacing.
the film, we also searched for (611 ) reflections of ( I l l) The FWHM of the two peaks are 0.06° and 0. 11. the same
oriented zinc blende grains. In contrast to the case for GaN as those for GaN on c-plane sapphire, so that the grain size
grown on Si( 11 ), however, there is no zinc blende ( I I ) and inhomogeneous stress are similar. The off-axis zinc
intensity down to the 10-4 level. blende (Il1) peak was examined to measure the percent-
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FIG. 9. Projection of bulk r-plane sapphire and a-plane GaN catior.
positions for the observed epitazx grow~b onen•ation. The dots mark

FIG. 8. Projection of bulk a-plane sapphire and basaL-plane GaN cation aluminum atom positions and the dashed lines show the sapphire r-plane
positions for the observed epitaxial growth orientation. The dots mark unit cell. The open squares mark gallium atom positions and the solid
aluminum atom positions and the dashed lines show the sapphire a-plane lines show the GaN a-plane unit cells.
unit cell. The open squares mark gallium atom positions and the solid
lines show the GaN basal-plane unit cells.

only the growth of wurtzitic GaN on r-plane sapphire,'35 2 2

but it is unclear that they had the ability to distinguish
age of (111) oriented cubic phase present. The peak's in- between the two polymorphs.
tensity suggests that approximately 1% of the material has The FWHM of the 0 rocking curve at the on-axis peak
the zinc blende structure. A previous examination by is 0.6". This is comparable to values reported by Sasaki and
Wickenden el a124 of GaN films deposited by vapor phase Zembutsu 22 on films grown by MOCVD. In order to ex-
epitaxy had reported only the growth of wurtzitic material. amine the in-plane orientation, a 0 scan was performed at
It is unclear, however, that the study could distinguish the wurtzite (1100) reflection. The scan shows a repetition
between the wurtzite and zinc blende polymorphs. every 1800 in qS, which is a result of the twofold symmetry

Although the domain size and inhomogeneous strains of a-plane GaN. The in-plane orientational spread is 6.7,
of the GaN films grown on a-plane sapphire are similar to the largest for all of the GaN films. Phi scans show that the
those for films grown on basal-plane sapphire, the in-plane orientations between the two film polymorphs and
0-rocking curve of the film on a-plane sapphire has a the substrate are wurtzite (0002) 11 sapphire (1101) I I
FWHM of 0.6, 50% larger than that of GaN on basal- zinc blende ( 11I ). The wurtzite epitaxial orientation is the
plane material. Phi scans at the off-axis wurtzite (1102) same as that found in previous reports of films grown on
reflection show no in-plane misoriented domains, as is the r-plane sapphire.3'5 '2 Surface studies have found that co-
case with basal-plane sapphire. However, the in-plane ori- rundum r-plane surfaces are quite stable and evidently do
entational spread here is significantly larger- 1.40. The in- not significantly reconstruct. 26 It is therefore interesting to
plane epitaxial relationship was found to be GaN note the good agreement between bulk substrate and film
[1120111 sapphire [ 100]. As Wickenden et a/.24 point out, cation positions in the experimental epitaxial orientation,
in this orientation the bulk positions of the substrate and as Fig. 9 shows. The lattice mismatch is only 1.3% in the
film cations lie along lines in the sapphire [0001] direction sapphire [11011 direction, although it is - 15% in the
(see Fig. 8). The mismatch between the substrate and film [11201 direction. The particularly small mismatch in the
row spacings is only -0.7%, although many of the sub- sapphire [1101] direction may be responsible for the small
strate and film cation positions do not show a good corre- tilt between the GaN planes in the film and the substrate
spondence. planes. Since the film axis in this direction is slightly longer

than that of the substrate, the film planes may tilt up
slightly in order to better match the projection of the GaN

3. GaN on r-plane sapphire unit cells onto the interface with the sapphire unit cells
below. Because of the twofold rotational symmetry of the

When 6 was aligned with respect to the GaN reflec- sapphire r-plane unit cell, however, it is unclear why film
tion. 0-20 scans from films grown on r-plane sapphire domains grow with a misalignment in only one of the two
showed only a peak which can be indexed to the wurtzite possible directions. An alternate possibility is that the film
( 1 120) or zinc blende (110) reflections. No peak from the tilt is related to a miscut of the substrate wafer. However,
sapphire substrate was observed. However, when 0 was the tilt was observed in several films and was always ori-
aligned with respect to the substrate reflection, the scan ented along the sapphire [1101] direction.
showed only the sapphire (2204) peak. Thus the film
planes are not exactly parallel to the (1102) planes of the
sapphire substrate. By varying 6, it was found that the
misorientation is approximately 1.50 and is along the GaN The results of our four-circle x-ray diffractometry sug-
[0001] direction. In order to better measure the phase con- gest that the coexistence of wurtzite and zinc blende poly-
tent of the films, we examined the zinc blende (Il l ) off- morphs in GaN thin films may be widespread. As dis-
axis peak. From its peak intensity, we estimate that only cussed above, most previous studies would not have been
- 1% of the material is in the zinc blende phase; the ma- able to distinguish between the two, especially if one poly-
jorty is wurtzite. Again, previous studies have reported morph exists only at the I% level. Since the two have
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different band gaps and possibly different doping capabili- local variations in the lattice constant. While we know of
ties, it is imperative that future investigators interested in no experimental work relating the GaN band gap to the
optical and transport properties also evaluate their films' lattice parameter, LCAO calculations suggest that the en-
phase content. For this purpose x-ray or electron diffrac- ergy matrix elements V which determine the band gap vary
tion measurements of off-axis Bragg peaks are both suit- as the inverse square of the separation between atoms.29

able, but x-ray diffraction may have somewhat greater sen- Therefore 6 V1 V= 26d/d, and a 1% inhomogeneous strain
sitivity to small volume fractions and it requires no sample would lead to approximately a 2% variation of the band
thinning. gap. This then could be a significant source of band tailing.

To our knowledge, these are the first experiments Nitrogen vacancies would presumably be the principal
which have examined the orientational quality of GaN mechanism contributing "stress-free" strain due to compo-
films in the film plane. On all of the films, the range of sition inhomogeneity. While a decrease in nitrogen stoichi-
orientation angles in the plane is 1.5 to 10 times larger than ometry significantly decreases the wurtzite lattice
along the film normal. In-plane misorientations between parameters,27 we know of no quantitative data relating sto-
domains may therefore be the more important in creating ichiometry and lattice constants which would allow us to
domain boundary recombination sites due to broken interpret the inhomogeneous strain in terms of nitrogen
bonds, deficiencies.

It is noteworthy that the measured film lattice con- All of the films except those on Si(001) have domain
stants in this work are all equal to accepted literature val- sizes asiong the surface normal which are larger than our
ues to within experimental error. Since the lattice param- instrumental resolution. The very large stacking fault den-
eter is sensitive to the nitrogen concentration, 27 this implies sity in GaN films on Si(001) along with their large spread
that the films' compositions are not too far off stoichiom- of in- and out-of-plane orientation angles and relatively
etry. We have, however, observed significant variations in large inhomogeneous strain suggest that, structurally,
GaN lattice parameters with varying growth temperature these are the worst films overall. The very large spread of
which we attribute partly to the formation of large num- in-plane orientations in the films on r-plane sapphire also
bers of nitrogen vacancies. 2

8 It is widely believed that such implies that there are domain boundaries within the film
nitrogen vacancies autodope films n type.' The agreement with a relatively large angle of mismatch. In terms of ori-
between previously reported lattice constants and those ob- entation quality and domain size, then, the best films ap-
served here also suggests that the interfacial strain in the pear to be those which grow on their closed-packed planes.
films relaxes on length scales significantly smaller than the The films on sapphire (0002) substrates are the best of
film thickness. Given the large mismatches present be- these, with relatively small in- and out-of-plane misorien-
tween substrate and film, this is not surprising. For GaN tation and little secondary phase. Despite their orienta-
on Si( I ll) and Si(001 ) substrates the lattice mismatch is tional quality, however, it appears likely that stacking
6=21%. As Figs. 7-9 show, however, films grown on sap- faults are common in all of the GaN films. The impact of
phire orient themselves to match the bulk atomic positions stacking faults on carrier mobility is unclear. Away from
of the film and substrate and decrease the effective lattice fault edges, their main effect will likely be to cause a local
mismatch below the values for epitaxy on silicon. We note variation in the band gap. At the fault edges, however,
that, in fact, the GaN films do not grow directly on the bonds will be broken, producing deep states in the gap.
sapphire substrate surfaces, but rather on very thin AIN Clearly significant work is required in order to examine the
layers which grow during the substrate N2 plasma cleaning relationship between stacking fault density and electrical
process.' 3 However, the AIN lattice constant is quite close properties and to develop approaches which minimize the
to that of GaN (3.11 vs 3.19 A.) and our RHEED mea- formation of faults in the growth process.
surements indicate that the AIN has the same orientation
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We report electron-spin-resonance measurements on zinc-blende GaN. The observed resonance has
an isotropic g value of 1.9533±0.0008 independent of temperature, a Lorentzian line shape, and a
linewidth ( 8 G at 10 K) which depends on temperature. The spin-lattice relaxation time at 10 K was es-
timated to be T1, = (6±2) X 10- 5 sec. Using a five-band model a g value consistent with the experimental
results was obtained and a conduction-electron effective mass m */mo =0. 15±0.01 was calculated. The
observed signal, together with conductivity data, was attributed to nonlocalized electrons in a band of
autodoping centers and in the conduction band.

I. INTRODUCTION given elsewhere. 3' 4 Structural studies (reflection high-
energy electron diffraction, electron diffraction, and x-ray

Gallium nitride is a wide-band-gap semiconductor diffraction) show that the films are single crystals having
which is anticipated to find applications for optical de- the zinc-blende structure with lattice constant 4.5 A . 3' 4

vices (light-emitting diodes, lasers, detectors) in the near To conduct optical, transport, and spin-resonance mea-
uv region of the electromagnetic spectrum and electronic surements, self-standing GaN flakes were obtained by dis-
devices for high-power, high-frequency, and high- solving the Si substrate with a solution of HNO3 and HF.
temperature applications. GaN was found to exist in two The optical gap of the films was determined by transmis-
allotropic forms. The wurtzite structure is the thermo- sion measurements and found to be 3.2 eV.4 The electri-
"dynamically stable phase and has an optical gap of 3.5 cal conductivity of one of the investigated films, deter-
eV, 12 while the zinc-blende structure is a metastable mined by four probe measurements using sputtered Al
phase which can be formed by epitaxial stabilization 3 "4 contacts, is shown as a function of I IT in Fig. 1. The
and has an optical gap of 3.2 eV.4 In both cases the ma- data fit the expression
terial is found to be heavily autodoped n type, a result at-
tributed to nitrogen vacancies. 5 In general, the electron a=- o teXp( -Et/kT)+a 3exp( -E 3 /kT), (1)

concentration is in the range of 1017- 1020 cm-'.
In this paper we report electron-spin-resonance (ESR) where the activation energies El and E3 are 25 and 0.5

studies in autodoped n-type zinc-blende GaN thin films. meV, respectively.

The data were correlated with electrical conductivity Hall-effect measurements show that the films are n

measurements and from their analysis the nature of the type; however, we were unable to perform accurate mea-

resonance was determined. The measured g value was surements of the carrier concentration on these self-

found to be in agreement with theoretical predictions standing GaN flakes. Based on our studies of wurtzite

based on a five-band model k-p calculation. The same GaN films,6 we anticipate that the investigated films have

calculation was also used to predict the electron effective room-temperature carrier concentration of the order of

mass. 10i-10i" cm- 3 . The data of Fig. 1 are consistent with
transport in the conduction band at temperatures higher

II. EXPERIMENTAL RESULTS AND DISCUSSION than about 50 K and transport in a band of shallow
donors at lower temperatures. 7

The GaN films were grown by electron-cyclotron- The nature of these shallow donors is still controver-
resonance microwave plasma-assisted molecular-beam- sial. They have been observed in GaN films produced by
epitaxy (MBE). Epitaxial stabilization of the zinc-blende various deposition methods and attributed by early work-
structure was accomplished by using a two-temperature ers to nitrogen vacancies. 5 Our thin-film growth studies
step process on Si(000). In this process a 200-A GaN support this hypothesis. Since our films are grown at
buffer was grown at 400°C and the rest of the film, 4/um temperatures below the decomposition temperature of
thick, was grown at 600'C. Both heavily autodoped and GaN, their stoichiometry can be controlled by varying
semi-insulating GaN films were fabricated and investigat- the nitrogen overpressure during growth. At low active
ed. Transport studies in these films 6 show that the con- nitrogen overpressure we find that the films are n type
ductivity is dominated by the high-quality top layer rath- with carrier concentration between 10'"-1021) cm -

er than by the GaN buffer. Details on the growth are Such films tend also to be decorated with gallium drop-
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FIG. 1. Conductivity of GaN as a function of 1000/T. FIG. 2. First derivative absorption resonance line at 10 K

and Lorentzian best fit.

lets, a result which we attribute to phase separation of ex-
cess gallium, presumably due to the narrow existence
phase diagram of GaN. On the contrary, films produced
under high nitrogen overpressure have carrier concentra- 40
tion between lOt1l0 13 cm -3 and their surface is free of
gallium droplets. This trend is consistent with the forma-
tion of nitrogen vacancies during growth and, if their -30
concentration is very high, some gallium is phase separat- .9
ed in order for the material to maintain the stoichiometry
allowed by its phase diagram. The samples investigated i ½ i
in this paper were free of any gallium droplets. Addition- X 20 ½ I

ally, there is also theoretical support that the nitrogen va-

cancy in GaN is a shallow donor. Tight-binding calcula- o
tions by Jenkins and Dow8 have shown that the neutral 10
unrelaxed N vacancy is a shallow donor with its singly
occupied p-like level (T 2) in the conduction band and its
doubly occupied s-like level (A z) in the band gap close to 00 40 80 120
the conduction-band edge. It is anticipated that lattice T [K 8

relaxation should shift the singly occupied level in the en-
ergy gap. FIG. 3. Peak to peak linewidth AH,, as a function of temper-

ESR measurements were performed at different tern- ature.
peratures in a Varian E9 spectrometer at 9.3 GHz, 100-
kHz modulation frequency, and 0.5-1.0-G modulation
amplitude. An a,a'-diphenyl-p-picrylhydrazyl reference
was used to evaluate the g value. Figure 2 shows the ESR
spectrum at 10 K of the same sample discussed in Fig. 1. 3
This resonance has an isotropic g value of 1.9533±0.0008
independent of temperature. The shape of the line is
Lorentzian and the peak-to-peak linewidth (AH,,- 18±1- I
G at 10 K) has a temperature dependence shown in Fig. 2
3. The broadening of the line with the increase in tem-
perature prevented us from observing the resonance at .

temperatures higher than 110 K. The temperature "
dependence of the elcctron-paramagnetic-resonance
(EPR) intensity is shown in Fig. 4.1

From the saturation behavior of the resonance we es-
timated a spin-lattice relaxation time, at 10 K, of
(6±2)X 10-5 sec. No ESR signal was observed in semi-
insulating GaN films. 0____

To discuss the nature of the observed resonance we 0 40 80 120

should first rule out that such a signal is not due to either T JKJ
plasma resonance or cyclotron resonance. Plasma reso- FIG. 4. Intensity of the EPR signal as a function of tempera-
nance is ruled out based on the prediction of Dre3selhaus, ture knormaltzed to the value obtained at 5 K).
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Kip, and Kittel9 that the resonance moves to lower mag- 4.p`= 2 r , p, rP,. ) (4)
netic field as the frequency is increased. To test this we m0 '
varied the microwave frequency in our experiment from 2
9.3 to 9.5 GHz and observed that the resonance moved to p= (F, I Frcpr ) r5 . (5)
higher magnetic field instead. Electron cyclotron reso- mo
nonce also is ruled out since, assuming an effective mass Hermann and Weisbuch14 presented an estimate of P2
similar to that of wurtzite GaN (m*/mo=0.20±0.02) based on simplified linear combination of atomic orbitals,
(Ref. 10) the resonance should occur at a magnetic field 2
-5 times smaller than it was actually observed; more- p2 = f2 2 -a -s
over, a mobility three orders of magnitude larger than the Pst 2m 2 ( (6)
value reported in similarly prepared GaN films 6 would be a 2(1-S I
required to obtain a distinctive signal in the X band. where a, is the polarity and S is the overlap tf.rm15 and 71

The observed resonance is therefore related to the ESR is a best-fit parameter 7=( l.04±0.07)X 10. 14 From
signal whose origin is due either to deep localized defects this expression, with a =0.62 (Ref. 15) and S =0.5, 4
(intrinsic or impurities), or to delocalized electrons due to one obtains for GaN P-, =28±2 eV. With the fol-
the shallow donors discussed earlier. However, the tem- lowing values E0=3.2 eV, A0=0.009-0.016 eV,"'
perature dependence of the EPR intensity, shown in Fig. A;=0.06-0. 1 eV,'1 E;=8.7±0.3 eV," X2=0.4,"3 we
4, does not follow the Curie-Weiss law suggesting that obtained g*= 1.95±0.01 in agreement with our experi-
the electrons responsible for the observed resonance are mental result. The electron effective-mass calculation
not localized in deep defects. Additional arguments in yields a value of m /mo=0. 15±0.01, a value close to
favor of this conclusion are the lack of hyperfine or that measured experimentally for GaN films having the
superhyperfine structure, expected for localized electrons wurtzite structure [m * /mo =0.20±0.02 (Ref. 10)].
in intrinsic defects of III-V semiconductors, and the lack A brief comment on the utilized values for A0, S, and
of ESR signal ii highly resistive films. The observed tern- x2 is necessary in order to put the previous calculation in
perature dependence of the resonance intensity is not the right perspective. Since the number and orientation
consistent with either a Curie or a Pauli paramagnetism. of nearest and next-nearest neighbors are the same in the
We can only speculate that the observed intermediate re- wurtzite and in the zinc-bleide structures, the value of
gime is related to the fact that the concentration of car- the spin-orbit splitting A0 for zinc-blende GaN should
tiers in the band of the shallow donors as well as in the not be significantly different from the value evaluated for
conduction band depend on temperature. the wurtzite structure. The latter is known16 and used in

These findings, together with the conductivity data, our calculation. The overlap integral S and the parame-
suggest that the observed EPR signal at temperatures less ter X2 depend primarily on the ionicity of the bond. GaN
than 50 K is due to delocalized electrons in the band of is the most ionic of the III-V compounds; however, its
the previously discussed shallow donors and at tempera- ionicity is close to the value for InP for which researchers
tures higher than 50 K to electrons thermally activated have used S=0.5 (Ref. 14) and 42=0.4.13
into the conduction band. The fact that we did not ob- The possible interaction mechanisms responsible for
serve a change in the g value as a function of temperature the spin-lattice relaxation rates of conduction electrons
suggests that, to within the experimental accuracy, the g have been discussed by several authors. 19-21 As pointed
value is the same in both bands. out by Yafet 2' the dominant relaxation process, at least at

It is interesting to compare our experimental result of not too low temperatures where the spin-current interac-
the electron g value with theoretical predictions based on tion should dominate, is the phonon modulation of the
the five-band model k~p calculation"I - ' and estimate the spin-orbit coupling. This mechanism gives the folloing
electron effective mass. According to this model the g spin-lattice relaxation rate:21

value and the electron effective mass are given by the ex- S/2
pressions T -1- 2 D: 2m *kT (7)

g I p2 A__l_ 
2 [ 2  ' (

g 3 1 Eo(Eo + Ao) where p is the density, u the sound velocity, and, for a po-
lar semiconductor, D-Cfbg(h2 /am*'Eo) with C being

(2) the deformation potential, f the relative strength of the
crystal potential that is odd under inversion, bg the g
shift, a a parameter of the order of the lattice constant,

mo p2 3EO+2A° and Eo the optical gap. Using values appropriate to cu-
m = 3Eo(En+Ao) bic GaN [p=6. 1 gcm- , u=6.9X 103 msec-1. C- 13

EO(E, + AO)eV, 22 f= (Ref. 1) e X 10- sec at 10 K

_.2 3(E -EO) - 2Ao in general agreement wi h our experimental result.
-(3) In the effort to qualitatively account for the data of

(E,)-Eo)(E,-E,-Ao) Fig. 3 we need to discuss spin-spin relaxation mecha-
nisms which determine T,, and thus the magnitude of

where An= r, - r 7F,, A,= -,,. - r7,, E;, = F ,- F,,, and the linewidth AH,.,. The analysis of the matrix elcment%
according to Chadi, Clark. and Burnham'' which contribute to T.,'. for the relaxation mechanism
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previously discussed, show the same k and q dependence III. CONCLUSIONS
as the matrix elements used for T1,'. Therefore, Tie and
T,, have the same temperature dependence. 2I However In conclusion, we reported the observation of an elec-

Eq. (7) would predict a difference in the linewidths at 10 tron spin resonance in zinc-blende gallium nitride thin

and 100 K by a factor -=300, in contrast with the experi- films produced by the electron-cyclotron-resonance

mental results of Fig. 4. We believe that this disagree- microwave-plasma-assisted MBE method. The EPR sig-

ment is due to the fact that additional spin-spin relaxa- nal was attributed to electrons predominantly in the band

tion mechanisms set in at low temperatures. One of autodoping centers IN vacancies) at low temperatures

relevant relaxation mechanism at low temperatures is the and in the conduction band at higher temperatures.
relvan reaxaionThe electron gvalue was found to be 1.9533±0.0008.

hopping of electrons from one site to another. Such a g
process was observed to be t0e dominant line-broadening Using a five-band model and appropriate parameters for

mechanism at low temperatures in heavily doped n-type GaN a g value g*= 1.95±0.01 in agreement with the

silicon. 23 Our conductivity data have indicated hopping experimental value was obtained and an effective mass

conduction, in the investigated sample at temperatures m /m 0 =0. 15±0.01 was calculated.

below 50 K, with an activation energy E3=0.5 meV due From the saturation behavior of the resonance line a

to overlap of the shallow donor wave functions and the spin-lattice relaxation time of the order of 10-5 sec at 10
presence of compensating defects.' In the case of hop- K was estimated in general agreement with the theoreti-presnceof ompnsatng efets. In he aseof op- cal value predicted considering the phonon modulation of
ping motion of electrons, the linewidth is inversely pro- the spin-orbit interaction as the relaxation mechanism.

portional to the probability p of the phonon-assisted tran-

sition from one center to another, AHp, - 1/p. This The temperature dependence of the resonance linewidth

probability depends on temperature as.24 was semiqualitatively accounted considering, besides the
phonon modulation of the spin-orbit interaction, the hop-

.- i ping process at low temperature as an additional spin-
I .T (8) spin relaxation mechanism.p a Iexp -j -1I(8
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Intensity dependence of photoluminescence in GaN thin films
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We report the intensity dependence of band-gap and midgap photoluminescence in GaN films grown
by electron cyclotron resonance (ECR) microwave plasma-assisted molecular beam epitaxy. We find
that the band-gap luminescence depends linearly while the midgap luminescence has a nonlinear
dependence on the incident light intensity. These data were compared with a simple recombination
model which assumes a density of recombination centers 2.2 eV below the conduction band edge.
The concentration of these centers is higher in films grown at higher microwave power in the ECR
plasma.

Gallium nitride (GaN) is a wide direct band-gap semi- meaningless unless one specifies the magnitude of the em-
conductor (Eg= 3.4 eV at 300 K), which is currently being ployed excitation light intensity. A simple recombination
investigated in many laboratories for its potential in optical model has been proposed to qualitatively account for the
devices (light emitting diodes, lasers, detectors) operating in observed light intensity dependence of the two luminescence
the blue-violet ultraviolet part of the electromagnetic bands.

spectrum.' The performance and reliability of such devices The GaN films used in this study were grown by the
depends critically on the type and concentration of electronic electron cyclotron resonance microwave plasma-assisted mo-
defects, whose origin is the heteroepitaxial growth (misfit lecular beam epitaxy (ECR-MBE), which was described in
dislocations and polarity related defects), the formation of detail in a number of recent papers. 9 °10 Here, we present only
native defects (vacancies, interstitials, and antisite defects) a brief description of the growth process. All the films were
and the incorporation of intentional and unintentional impu- deposited on (0001) sapphire substrates, whose surface after
rities. chemical cleaning and thermal outgassing, is converted to

Defects in semiconductors can be studied by a variety of AIN by exposing it to an ECR activated nitrogen plasma. 9

techniques, principal among which is photoluminescence The films were deposited by the two-step growth process in
"(PL), a method which has been used extensively for the which a GaN buffer of about 300 / thick is deposited at
study of GaN films.2,3 Photoluminescence spectra of un- 500 'C and the rest of the film, 1 to 2 Am thick, is deposited
doped GaN films generally show a sharp peak close to the at 800 *C. This two-step growth method was found to lead to
energy gap of the semiconductor, attributed to excitons a low two-dimensional nucleation rate and a high lateral
bound to shallow donors 3 and a broader peak centered growth rate leading to films with relatively smooth surface
around 2.2 eV.4 5 Various models have been advanced to ac- morphology.9t 1o Power in the ECR discharge was the main
count for the high shallow donor concentration in uninten- variable during the growth of the films reported in this letter.
tionally doped GaN. The prevailing view is that the donors More specifically type I samples were grown at a total mi-
are due to nitrogen vacancies 6 although there is some evi- crowave power of 20 W while type I1 samples were grown at
dence that oxygen impurities can also act as substitutional 35 W. The transport coefficients of two representative
donors.7 The broad yellow luminescence was attributed to samples are shown in Table I.
electron transitions from the conduction band to a band of The photoluminescence was excited by a pulsed N2 laser
deep acceptor states placed 860 meV above the valence band as the excitation source. The laser has a photon energy of
edge." These authors presented arguments that such states are 3.678 eV (337.1 nm), pulse, width of 10 ns, repetition rate of
introduced by carbon impurities in the films while Pankove 40 Hz and a listed peak power of 250 kW. A circular aperture
et al. , who observed the same photoluminescence band in was used in front of the rectangular collimated beam and the
ion implanted GaN samples, attributed the deep states to ion resulting output was focused on the sample using a lens. A
implantation processes. In general, the existence and magni- set of neutral density filters was used to attenuate the inci-
tude of the yellow luminescence is associated with defective dent laser intensity for studying the excitation dependence of
GaN films and the ratio of the yellow luminescence peak to PL from the sample. The sample was held on a cold finger
band-gap luminescence was employed as a criterion of the with a colloidal suspension of graphite which also acts as a
carbon doping effects on the filmsX or the ion implantation
related damage. TABLE I. Typical values for the room temperature carrier concentration and

In this letter, we investigated the excitation intensity de- mobility for representative type i and type I1 samples.

pendence of PL from undoped GaN films and found that the -

band-gap luminescence depends linearly while the yellow Power Carrier conc. Mobility
luminescence has a nonlinear dependence on the light inten- Sample iwl (cm ' lcm" V 1s 1)
sity. Thus the use of the ratio of yellow to hand-gap lumi- Type I 21 l.OX lo'l 50

nescence as a criterion of the quality of the GaN films is Type It 35 1.9IX Ill" 13.8
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FIG. 1. PI, spectra from a type I sample. FIG. 3. Plot of the PL intensity vs the percentage excitation for the band-gap

and midgap luminescence.

good heat conductor, hence preventing the sample from be-
ing heated by the laser. PL was collected by a lens and fo- as shown in the figure. It initially increases with light inten-
cused on the entrance slits of a 0.25-m grating spectrometer. sity at low excitation levels and then tends to saturate as the
A Hamamatsu photomultiplier (R-928) was used as the de- excitation intensity is increased further.
tector and its output was read by a lock-in amplifier. The The observed dependence on light intensity can be quali-
spectra were not corrected for the spectral response of the tatively accounted for in the simple recombination model
system. illustrated in Fig. 4. We assume that the states responsible for

Figure 1 shows the photoluminescence spectrum at 77 K the yellow luminescence form a broad band of a total density
for a type I GaN sample. This spectrum shows only the band- N max. Shown in the figure are also the lifetimes for the vari-
gap luminescence at 3.47 eV. At the maximum excitation ous recombination paths and the densities N, and N, of the
intensity we see no evidence of yellow luminescence, sug- occupied states in the defect and conduction bands, respec-
gesting that the concentration of midgap defects is very low. tively. If G (cm - s 1) is the generation rate then the rate of
The band-gap luminescence was found to vary linearly with change of N, and N 2 are given by the equations
light intensity over two orders of magnitude, a result consis-
tent with excitonic recombination."' dN, N, N, dN1  N2  N,

The photoluminescence spectra of a type II GaN sample G , -, (1)
measured at 100% and 1% of the incident laser light is dt r2T 7T2 dt 7, 1  71o

shown in Fig. 2. It is apparent from these data that charac-teriingthequaityof he ateral y te rtioof he ag- Under steady-state conditions, i.e.. when the recombina-
terizing the quality of the material by the ratio of the mag- tion lifetimes are smaller or comparable to the duration of
nitude of the band-gap luminescence to the midgap lumines- thexiaonpl, q.()bcm
cence is not correct, since the ratio depends on the excitation the excitation pulse, Eqs. (1) become
intensity. Thus, it is quite important to take the excitation N, N, N, N,

intensity into account when analyzing any PL spectra for this G=-- +- (2)
material. 720 •'1 r2t Ito

Figure 3 illustrates the intensity dependence of the band-
gap and midgap luminescence peaks of the type I1 OaN ThL, band-gap luminescence (Ug.p) and the midgap lumi-

sample. The band-gap luminescence depends linearly on nescence (1,,j) are given by the expressions:

light intensity as for type I samples. However, the midgap
luminescence was found to have a light intensity dependence

N2

100% Intensity
1% Intensity-

.0

2 2.2 2.4 2.6 2.8 3 3.2 3.4
Energy (eV)

I l(; 2 P[ vpccira from th c II ,maniplc, ll t •o diftcrCrnt cXtialion lcck I l(. 4 Schcrm.cttc ol the propocid ico•.itbina.twn io,,dt'
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N, G2 N, G rho Although this model does not take into account the
/gap 7T2 (T 2 1 -- T20 ) ' ye T7- 1  (in1 + i 0 )) change in the number of traps and recombination centers due

to the shift in the quasi-Fermi levels as excitation intensity is
We assume that the recombination lifetimes r2T( and 710  changed,12 it is sufficient to explain the saturation of the

are constants while r2, depends on light intensity. More spe- yellow PL from GaN. It would help further to have informa-
cifically the value of T2 , can be expressed in terms of the low tion about the recombination lifetimes of carriers to compute
fight intensity recombination lifetime T21 as the exact number of midgap states.

Nlmax In conclusion, we have determined the light intensity
"21- Nlmax_ r"I. (4) dependence of the band-gap and midgap luminescence in

Imax-i GaN films grown by electron cyclotron resonance assisted

From Eqs. (3) and (4) we get molecular beam epitaxy. As expected the band-gap lumines-
GN ' cence varies linearly with the light intensity but the midgap
glmax2p X luminescence initially increases and then saturates at higherlgPN 1 a ' I+ (N I axN I)7T, ('

gap tmax21 1maxN light intensities. The data show the importance of relating

GT,2o(NimaxNt) (5) 1y,/ 1 gap to the generation rate employed during the measure-
41 ment for the purposes of comparing samples on the basis of

l NimaxT2'1 + T2l(NImax-NO) PL spectra. It further illustrates that samples grown at higher

Case 1: Low light intensity, i.e., Nl<,NImax microwave power have higher concentration of midgap de-
fects, which accounts for the observed compensation in the

G T21 I C0CG Tio (6) transport coefficients.
+r, This work was supported by the Office of Naval Re-

Hence, in this case the yellow and the band-gap lumi- search (Grant No. N00014-92-J-1436).

nescence increase proportionally to the incident light inten- 1 s. Strite and Ii. Morkoq, J. Vac. Sci. Technol. B 10, 1237 1992).

sity. -J. I. Pankove, J. E. Berkeyheiser. H. P. Maruska. and J. Wittke. Solid State

Case !l: High light intensity, i.e., N, _NImax, the first of Commun. 8. 1051 (197(l).

Eqs. (5) gives R. Dingle and M. Ilegems. Solid State Commun. 9. 175 (1971).
'J. I. Pankovc and J. A. 1tutchbv. J. Appl. Phys. 47. 5387 (19761.

cG. (7a) 1. Akasaki and H. Amano, SPIE 1361, 138 l9)).
'J. I. Pankove. Mater. Res. Soc. Symp. Proc. 162. 515 1199()).

On the other hand, the yellow luminescence is governed 'W. Wicfert. R. Fanzhclal. E. Butter. |t. Sobotta. and V. Riede. Cryst. Res.

ýy the recombination time,~l* Thus from Eqs. (2) and (3). Technol. 18. 383 (19931.
'T. Ogino and M. Aoki, Jpn. J. Appl. Phys. 19. 2395 (1980).

Njmax "T D. Moustakas. T 1.6. and R. J. Molnar, Physica B 36, 185 (19931.

'veT Const. (7b) I D. Moustakas and R. J. Molnar. Matcr. Res. Soc. Proc. 281. 753 11993).

lvJ 'sJ. I. Pankove. Optical P'roinxe.Nv in Semiconductors (Dover. Noxs York.
1975).

Equations (6) and (7) account qualitatively for the experi- '1A. Roc. (onceptis in IhotleoconductiaitY andAllied Prohlen.V IWiley, New,
mental results for Fig. 3. York, 1963). Number 19.

338 Appl Phys Lett, Vol 64. No 3, 17 January 1994 Singh er al.
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The microstructures of GaN films, grown on (001) and (111) Si substrates by a
two-step method using Electron Cyclotron Resonance assisted-Molecular Beam Epitaxy
(ECR-MBE), were studied by electron microscopy techniques. Films grown on (001)
Si had a predominantly zinc-blende structure. The GaN buffer layer, grown in the first
deposition step, accommodated the 17% lattice mismatch between the film and substrate
by a combination of misoriented domains and misfit dislocations. Beyond the buffer
layer, the film consisted of highly oriented domains separated by inversion domain
boundaries, with a substantial decrease in the defect density away from the interface. The
majority of defects in the film were stacking faults, microtwins, and localized regions
having the wurtzite structure. The structure of the GaN films grown on (111) Si was
found to be primarily wurtzite, with a substantial fraction of twinned zinc-blende phase.
Occasional wurtzite grains, misoriented by a 30* twist along the [0001] axis, were also
observed. A substantial diffusion of Si was seen in films grown on both substrates.

I. INTRODUCTION there is a motivation to grow the zinc-blende structure,

GaN films are currently being investigated in a since cubic structures of the III-V compounds have been

number of laboratories because of their potential for more readily doped both n- and p-type.6 Heteroepitaxial

applications in optoelectronic devices as well as high stabilization of O3-GaN on substrates with cubic sym-

temperature and high frequency electronics.' These metry, i.e., fl-SiC,7 (001) MgO,8 and (001) GaAs,9

applications require the successful growth of high- have been previously reported. This present study was

quality crystals of GaN which can be intentionally undertaken to explore ways to heteroepitaxially grow

doped n- and p-type. GaN on Si, which is a much more technologically

Due to the lack of a native substrate, GaN has been important substrate. The growth of /3-GaN on Si is

grown heteroepitaxially on a variety of substrates by a extremely challenging, since there is a huge difference

number of vapor-phase methods.2' Heteroepitaxy has of 17% in lattice parameters of the two cubic structures

been used successfilly for the growth of semiconducting (asi = 5.43 A, ap.-cGN = 4.52 Jk).'0 Before this study,
films for optoelectronic applications. A common exam- all efforts to grow /-GaN on Si led to amorphous or

ple is GaAs on Si, in which the potential problems of polycrystalline films."'

misfit dislocations due to a 4% difference in the lattice In this paper, we report a comprehensive TEM study
parameters of the two cubic unit cells, as well as presence of the microstructures of GaN films on (001) and (111)
of anti-phase disorder due to the growth of a polar Si substrates, deposited by the Electron Cyclotron Reso-
film on a nonpolar substrate, have been successfully nance assisted-Molecular Beam Epitaxy (ECR-MBE)
addressedm method. A comprehensive x-ray diffraction study of both

The growth of GaN on Si, however, presents ad- films, as well as a preliminary TEM study of the films

ditional challenges. Unlike GaAs, which exists only on (001) Si, have recently been reported elsewhere.'0 .'2

in the cubic zinc-blende structure, GaN exists in two
allotropic structures, wurtzite (a) and zinc blende (6). II. EXPERIMENTAL DETAILS
The majority of work on the growth of GaN has been The details of the thin-film growth have been re-
reported on sapphire substrates, where GaN is grown in ported elsewhere.4'" Briefly, the GaN films were grown
its thermodynamically stable wurtzite phase. However, on p-type (001) and (111) Si substrates by the ECR-MBE

2370 J. Mater. Res., Vol. 9. No. 9, Sep 1994 0 1994 Materials Research Society
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method, using, a Varian Gen-Il MBE unit with an AsTeX 0
model-1000 ECR source. Gallium was evaporated using
a conventional Knudsen effusion cell, while molecular
nitrogen was passed through the ECR source to produce
atomic and ionic nitrogen. The films were deposited in
two steps. which separated the nucleation and growth
processes. Initially, a 30 nm buffer layer of GaN was
deposited at 400 C, followed by the deposition of the
rest of the film at 600 *C. The deposition rate of GaN
was around 250 nm/h.

The surface morphology of the films was examined
using a JEOL JSM 6100 scanning electron microscope
(SEM) equipped with a Kevex detector with a Be
window for energy dispersive x-ray spectroscopy (EDS).
The samples were also examined in plan view and cross b
section using a Phillips CM-30)ST transmission electron
microscope (TEM) having a point-to-point resolution
of 0.19 nm at 300 kV acceleration voltage, as well as
an Akashi EM 002B microscope with a point-to-point
resolution of 0.18 nm at 200 kV acceleration voltage.
The plan-view samples were thinned to perforation from
the substrate side only. leading to TEM observations
of the top regions of the films. Compositional analysis
of thi, filniK was carried out using a VG HB5 dedicated
scanning transmission electron microscope (STEM) at
10t kV with a I nm electron beam probe, using a Link
ED)S svstem with a %, indowvless detector.

FIG. 1. SEM micrographs of the surface of GaN film deposited on

Ill. RESULTS AND DISCUSSION (a) (f001) Si and (b) (If 1) Si.

A. GaN films on (001) Si

Figure I(a) is a SENI micrograph of the surface of planes. STENM analysis showcd that the pits contained
a 2 /zm thick GaN film gro,'n on (001) Si showing GaN, indicating that these are etch pits probably formed
a tile-like morphology. It has been previously reported during the cleaning process. wvhich got filled up during
that the edges of the tiles are oriented along the (I IO0 film deposition.
directions. presumably because of the lower surface Figure 2(a) shows that certain domains are highly
energy of {(I 10} surfaces due to a smaller density of faulted while others are relatively fault free. The faults
broken bonds.' Figure 2(a) show.s a bright-field TEN! also lead to streaking in the diffraction pattern perpendic-
micrograph of the film in cross section. The buffer layer ular to the fault planres. Figure 3 is a higher magnification
is marked in the figure. It appears that the film has a micrograph showving two domains (marked as A and B).
columnar morphology. ilowever, the diffraction pattern While A is faulted throughout the thickness of the film.
of the film and substrate, show. n in Fig. 2(b), confirms B is relatively fault free. The origin of the difference in
the epitaxial growth of GaN in the zinc-blende structure. fault densities of the domains is not currently understood.
in spite of the substantial lattice mismatch of 17'{. The The two domains are separated b\ a buundar, marked b\
film actually consists of highly oriented domains. The arrows. Such boundaries have been pre iouslv reported
diffraction pattern also confirms that the structure is it similar zinc-blende structures and have been idcnti-
cubic (zinc-blende). Althou,,h the wurtzite phase of GaN tied as inversion domain boundaries (IDB)."' ` These
has a lower energv, the zinc-blende structure is stabilized boundaries arise during impingement of two nuclei with
b, the cubic s,,mmetrv of the substrate surface. The different interface termination (i.e.. a Ga and N layer.
lattice parameter of' GaN was measured to be 4.5 A. in repcclively). leading to bonding between like atoms
agreement with previous reports. ' across the boundar%, Thus, the tile-like morpholog.

Another interesting feature is the presence of pits in ceidcnt in Fig IfHa). consists of highl, oriented domains
the Si at the Si,/(GaN buffer interface. one of which ill separated by {I II ) in\vcrsion domain boundariesc
marked by an arrow in Fig. 2(a) These pits are crvs- In general, the dohmain,' are hichl, faulted near
tallographic. with the side walls corresponding to { Ill the interface. \with the lault denwir, decrca',ing lu,,
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FIG. -1. High resolution TEM micrograph tit the upper region of GaN film arom n on (00~ 1) St. sho%%ine, a -stakire :_ mirk...d .is S.
a micritn~in. markcd as T: and j hexaeunatl %urritue regzion, marked a-, It

Compositional analysis of' the tirn in cross section. Si. 1.26 A for Ga. and 0.7 A for N -,uggests the Si
using a I nm probe in the STEM. showed a substan- will substitute for Ga in the film. This is supported

tilconcentration of' Si wxithin the GaN film. Figure 6 by the electrical properties of these film,,. which were
shows a composition profile of' Si in the GaN film as evaluated by dissolvinu thle Si substrate' and studyinLg
a function of distance from the interface. Although. to the transport coefficient of' the GaN flak>ý b% Hall effect
our knowvledie,c the soluhilit\ of Si in cubic GaN has not measurements. It %,as found that elcc'.rieal transport in
been studied, it is well knowni that the soluhility of Si inl these films wvas dominated h,. shadl~o' donor states.
isostructural GaAs is small (-0-.5 at. r' ).- owvr approximatel% _25 meL:v' beloko thle Cinu~uc:ion hand."

metastable solid solutions of much larger concentrations consistent w,.Ilh the presence ot Si at G,;,aites in the
of Si in GaAs ha\ e been achieved h'. ion bombardment." film. Additionally, the heterojunctiii o en GaN and

Figure 0 shov~s that the Si concenrmation drops sharply Si w.as also investigated- and Lood rcc~iincaýtion v~as oh-
in the buffer la~er (from 4.2 at."( at 10 nm from the served, indicatingz that thle film,; had rcasý-nahle electrical
interface to (Y.S at. '; at 10 nm from thle interface). properties. in spite ot thle large, dlýefetde':\ ie d
fol)lowed b% a much more gradual decrease in the profile There is cleirls a need to lfuh:bu JeeCease theC

farther into thle GaN Wim. This sU eeSts that the larger defect densit% in the films,. One pi ssiMLe .,% it) achiCI. e
Concentration-. (-,I Si close ito the subst)rate are due to this could be b,. increasing thle EU R ~' rduring thie
irradiation-assisted mnixing, due to bombardment of N second sgeof Lzro%% th. without ehdnar'"r< :he substrate
atoms anhosprdcdb the ERsource. floeby tmperature. This w~ould promide better mobility to the

at comrbination of" thermal and irradiation-assisted diffil- surface atoms for them to mo c iti) -eor:.-: "sites %% ithout
ýsion farther awa% from the interface. Further experiments, enhancing, thermal diffusiaon of Si into fi tlm. Also.
arc unden-va% to stujd% this, phenomenon in more detail. It preliminary work has indicated that eihra reduction

can be conjectured that thle relativel%- hig-h concentration in the N pressure during _,row~h or th use of an
of defects (such as domain boundaries) in the film will n-type Si substrate leads, to much smiowuýe films,." This,
enhance diffusi. tv of Si. F owvever. no enrichment of Si is cuarrently being, investigated
at thle domnain binindiries wasýv found (compared to the
interior of theC doma11ins) to stipplirt this claim. B a im n(1)S

It is interestingv to note that in (J iN, Si can substitute B a im n(1)S
for ('ja &It a donor and for N as an accepbor. I Iosvc-,er. Fiunure I(llb ho thle sxiarfaietit ZM th1cA ( IdiN
Jcom1parison of thec atomic si/c fraidius if 1 .17 A fo~r filmi !row% ii on ( s lic tile-like: rnl Itulo. it h

r~te Rw¶ 'Jri 1 No 9) Sen 199.1
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FIG. 6. Composition profile of Si (measured as a ratio of Si atoms to FIG. S. High resolution TEM micrograph of an inversion domain

Ga plus Si atoms) in GaN films grown on (001) and (11) Si. boundary in the GaN film on (I l) Si, caused by different interface
terminations, leading to a c/8 displacement between basal planes of

that of cubic GaN is 3.2 eV.t1t) The incorporation of adjacent domains.

25% of the zinc-blende phase in the wurtzite structure zinc-blende (marked as C) phases, as well as the twinned
should affect the optical gap as well as the transport and variant of the cubic zinc-blende structure (marked as T).
recombination phenomena in these films. Figure 9 shows The orientation relationships as seen from the diffraction
that the zinc-blende phase appears to be concentrated pattern are as follows:

within certain domains and not randomly distributed
throughout the film. (ll )Si 110 (1 I)3-GaN II (0002)a-GaN and

Figure 10(a) is a bright-field micrograph of the GaN [TIO]Si II [I10],6-GaN II [i 110]a,-GaN.
film grown on (111) Si in cross section. The figure
also shows the columnar morphology of the domains. This orientation allows the alignment of the closest-

Figure 10(b) shows the diffraction pattern obtained from packed planes and directions of all three phases. The

the film and substrate. Figure 10(c) shows the indexed presence of a substantial fraction of zinc-blende structure
pattern (except for some double diffraction spots) showx- is not surprising due to the identical symmetry of theing the presence of the wurtzite (marked as H) and (t00t02) and (I11) planes in the wurtzite and zinc-blende

structures, respectively, along with the small difference
1 in the cohesive energy of the two polytypes.

Compositional analysis of this GaN film by STEM
also indicated a substantial concentration of Si, as seen

HGC 7. Plan-v tew bright-field TEM microgr aiph (it GAN film groin

* in t II) Si. showing the presence of doimains. Some grains with

slacking faults are marked as F by arrow%, indicating the presence of

[he cubit phase The diffraction pattern shows that the flin is highlI -IG 4 Dark -field rEM micrograph of (GaN film gro,,n on ( I I ) Si.

oriented and h.is a hexagional symmnelry common to the (010112) ind usi, iJ cubic rct) ccin. highlighting the zine-blende phixe in the

(I I 1) pln ,, of wiiritite an ztinc-blende struture.,, rn.itc•ial
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a: in Fig. 6. Although the shape of the profile is similar to
- that on the film grown on (001) Si, the Si concentrations

for this film are lower, consistent with the fact that the
processing time was lower [4 h for the films on (11I) Si
versus 8 h for the films on (001) Si] for this film.

Another interesting feature of these films was the
presence of occasional wurtzite grains that were mis-
oriented by a 30° twist along the [0001] axis with
the rest of the wurtzite grains. Figures 11(a) and 11(b)
show a bright-field TEM micrograph of such a grain
and the corresponding diffraction pattern. Figure 11(c)
is a dark-field micrograph highlighting the misoriented
grain. Figure 12 shows the atomic positions at an un-
reconstructed interface between the misoriented GaN
grain and the (111) Si substrate. The coincident (or near
coincident) atomic positions are marked by circles. The

.N.W figure shows that every fourth N (or Ga) atom is in
position to directly bond with every third Si atom at the

b interface. This boundary would thus have a lower energy
than a random boundary and could explain the presence
of these misoriented GaN grains. This is an example of
a near coincidence boundary between two phases, dis-
cussed by Balluffi et al., 26 where IN (=4) * Xsi (=3),
due to the difference in the planar atomic densities of
the two phases. A hexagonal supercell formed between
the two phases is marked by bold lines in the figure and
has a lattice parameter of 6.5 A.

IV. CONCLUSIONS

The microstructures of GaN films, grown by a two-
step method using ECR-MBE on (001) and (111) Si,

C was studied using electron microscopy techniques. The
W(2-.=x: structure of films grown on (001) Si was found to be

-*( -.-20.i (100- W02• predominantly zinc-blende. The GaN buffer layer, grown
(.110.2)11 in the first deposition step, was found to be highly faulted

0 (OO2)T -1--)$i (O0-2)Ct(-- and accommodated the strain due to lattice mismatch

O(-.1O.1)1 0 (00-24 'I between the substrate and film by a combination of
(-.1DCx o(-1t.)S f-I-I 1)- misoriented domains and misfit dislocations. Beyond the

0 0 buffer layer, the film consisted of highly oriented do-
(1t00)H (000) (I1-00)1 mains separated by inversion domain boundaries. There

(I. 0`1 (11'1)si c was a substantial decrease in the defect density away0ý*(-0)i 0 l)H)H
0 ( 020s01 (020T)HT from the interface, with the majority being defects in

(02 •0c2)T ,the stacking sequence along the {1 I I} planes, leading to
(tE2)c(1-102)H

0 M 0 stacking faults, microtwins, and localized regions having
(I102)H (l01)C.(O002)H (2A0iSi the wurtzite structure.

S'The structure of the GaN films grown on (111) Si
was found to be primarily wurtzite. However, a substan-
tial fraction of twinned zinc-blende structure was also

FIG. 10. (a) Bright-ficld TEM micrograph of GaN film grown on identified in the films. The rest of the film consisted of
(It ) Si in cross section, showing columnar morphology of the do- highly oriented wurtzite domains separated by inversion
mains. (b) Diffraction pattern of the interface. (c) Indexed diffraction

pattern showing presence of wurtzite phase (H) as well as zinc-blende domain and stacking faults. Occasional wurtzite grains.
phase (C) that is twinned (T), along with the reflections from the Si misoriented by a 30" twist along the [00011 axis, were
substrate (Si). also observed in the film.
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strat. -T--c i a i

N . (,or Ga) on (000 1) GaN

o-Si on (I!11) Si

FIG. 12. Interfacial structure of the misoriented Oz!N grain/Si sub-

interface are marked by circles. A hexagonal supercell with a lattice

parameter of 6.5 A is also marked by bold lines in the figure.

ECR power should be increased to reduce the defect

concentration in the film.
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ABSTRACT

A comparative study of the effects of hydrogen in n-type (unintentionally and Si-doped) as
well as p-type (Mg-doped) MBE-grown GaN is presented. Hydrogenation above 500'C reduces
the hole concentration at room temperature in the p-type material by one order of magnitude.
Three different microscopic effects of hydrogen are suggested: Passivation of deep defects and of
Mg-acceptors due to formation of hydrogen-related complexes and the introduction of a hydrogen-
related donor state 100 meV below the conduction band edge.

INTRODUCTION

The effects of hydrogen on the electronic and vibrational properties of various semiconductors
have bee-i studied extensively (1]. In elemental semiconductors, one observes, e.g., the passivation
of deep defects (dangling bonds) in amorphous silicon, resulting in a decrease of the subgap ab-
sorption, or the passivation of dopant atoms such as boron or phosphorous, resulting in a decrease

of the carrier concentration. In recent years, these studies have been extended to compound semi-
conductors, but have been mostly restricted to the GaAs/Alks system and InP. With respect to
the possible effects of hydrogen wide-bandgap IlI-V and lI-VI semiconductors like GaN and ZnSe
have only recently received attention. This interest has been triggered by an intriguing difficulty

to achieve p-type doping in films grown with one particular growth technique. In both the Il-VI

and Ill-V systems it is found that metal-organic chemical vapor deposition (MOCVD) is unable
to produce p-type material, while molecular-beam epitaxy appears to easily grow p-type samples.
This behaviour has been linked to the piesence of hydrogen in the gas phase during MOCVD
growth, which might lead to the formation of acceptor-hydrogen complexes. Indeed, in the case
of N-doped p-type ZnSe, the observation of N-H local vibrational modes in MOCVD material
strongly supports this assumption [2].

In this contribution, we report on continuing studies of the effects of hydrogen in both n-

type (unintentionally doped, sometimes called autodoped. and Si-doped) and p-type ('.I.g-dNped)

GaN. In p-type samples grown by MOCVD, acceptor dopants have to be activated by either a
low-energy electron beam irradiation or by a thermal annealing step [3]. Again, the formation
of accceptor-hydrogen complexes under the abundant presence of hydrogen has been suggested
as the origin for the necessit; of a post-growth process. We therefore use MBE-grown GaN and
deliberately introduce hydrogen by remote-plasma hydrogenation to study the effects of hydrogen
in this Il1-V compound.

SAMPLE GROWTH AND ANALYTICAL PROCEEDURES

Wurtzite CaN epilayers were grown on (0001) sapphire substrates by ECR-assisted MBE [4).
Gallium and the dopant elements (Mg and, for intentional n-type doping, Si) were evaporated

341
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Hydrogenation epitaxial layers of GaN.
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from conventional Knudsen cells, while nitrogen radicals were produced by passing molecular
nitrogen through an ECR source at a pressure of 10-4 Torr. A microwave power of 35 W or
higher was used for the growth of semi-insulating GaN films. Prior to the growth of the GaN
epilayer, the substrates were exposed to the N-plasma for 30 min to form an AIN layer. A
further GaN buffer layer was then grown at 5000 C folowed by the high-temperature growth of
the actual film at S00'C at a growth rate of 200-2.50 nm/hr. Hydrogenation was performed with
a remote microwave plasma operating at 2 Torr. This technique excludes effects due to charged
particle bombardment of the sample or its illumination from the plasma. A high temperature
sample holder allowed hydrogenation at temperatures up to 675'C. The films were electrically
characterized in a standard Hall-effect apparatus. with the samples abrasively etched into a clover-
leaf shape. For ohmic contacts Au was deposited on p-type GaN and Al on n-type material. Depth
profiles were determined from secondary ion mass spectroscopy (SIMS), with a Cs+ primary
ion beam for the detection of hydrogen/deu:e:ium and Si and an 0- primary beam for Mg.
Calibration of the SIMS data was achieved with Mg and deuterium-implanted GaN reference
samples. To increase the sensitivity, the GaN samples for SIMS were treated with a plasma
containing deuterium instead of hydrogen. The photoluminescence measurements were performed
with a pulsed N2 laser as the excitation source (3.67S eV).

RESULTS

Figure 1 shows the carrier concentration at room temperature for three differently doped sam-
ples subjected to isochronal (Ihr) hydrogenation. The n-type samples are completely uneffected
by the hydrogenation, however the p-type sample shows a significant decrease in the hole concen-
tration after hydrogenation at T> 500'C. T-e mobility in all three cases remained unchanged
after hydrogenation at typically 50 cm 2/\s (atodoped), 10 cm2/!Vs (Si-doped) and 0.3 cm 2 /\Vs
(Mg-doped). A control experiment on the p-type sample is included in Fig. 1, where the mi-
crowave plasma was switched off during the post-growth treatment demonstrating that exposure
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to molecular hydrogen at temperatures up to 600 0 C does not affect the hole concentration.

Secondary-ion mass spectrosopy is used to verify the introduction of hydrogen into the mate-
rial. In addition, together with the carrier concentrations determined in Fig. 1 the measurement of
the dopant concentrations allows the determination of the doping efficiencies in Si- and Mg-doped
GaN. Figure 2 shows the H- and Mg-depth profiled for p-type GaN. An average Mg-concentration
of 10 3cm- 3 is found, which indicates a very high doping efficieny of about 10%. The average
hydrogen concentration is about the same as the Mg-concentration. The slight decrease in H-
concentration up to a depth of 0.7pum could be due to a diffusion process. The steep decrease in
the concentration, however, coincides with the doping inhomogeneity visible in the Mg-profile at
0.91im. The high Mg-conceatration at the substrate interface might be due to outdiffusion of Mg
from doped GaN layers deposited on the substrate holder during previous depositions.

A similar comparison of the dopant and deuterium depth profiles is given for Si-doped n-type
GaN in Fig. 3. The average Si-concentration is about 4 x 102 0 cm- 3 , the doping efficiency of
several percent is therefore slightly lower than in the p-type material. Two hydrogen profiles
are included in Fig. 3. It becomes obvious that after hydrogenation at 600'C, the hydrogen
concentration levels at 2 x 1020cm-3, independent of the local Si concentration, which is found
to vary throughout the sample.

The hydrogen concentration, after the same passivation step, incorporated in the unintention.-
ally (autodoped) material is about one order of magnitude lower than in Si-doped material (Fig.
4), and has a constant concentration profile. Comparing the hydrogen concentrations in the three
differently doped samples we find that the hydrogen incorporation is not just limited by factors
like solubility, but does indeed depend on the type and concentration of the dopant present.

Further information on the effects of hydrogen in GaN were obtained from photolumines-
cence (PL). In Fig. 5, a comparison is shown between the photoluminescence of Mg-doped and
autodoped samples, both before and after hydrogenation at 600'C. The two dominant PL-lines in
the as-grown samples are the exciton line at 3.44 eV and the Mg-acceptor related line. at 3.25 eV,
with its two phonon replicas. After hydrogenation, these lines are still observed in the respective
samples, but a quantitative comparison of signal heights is difficult. In the autodoped sample.
the hydrogenation led to a complete quenching of the defect related line at 2.3 eV [5]. In addition
to these known PL lines, a new PL line at 3.35 eV appears after hydrogenation in both samples,
which has not been previously reported in GaN.
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DISCUSSION

A similar hydrogen-related study> on p-type GaN has already been performed by Nakamura
and coworkers 16]. However,.there are various significant differences to the results reported here.
Nakamura used MOC\VD grown samples, which were LEEBI-treated to obtain p-type conductiv-
ity. In our case, the MBE gown films are p-type without any need for a post-growth treatment.
Nakamura used an NH 3 ambient for hydrogenation and had to rely on the thermal decomposition
of the molecules on the surface of the film to obtain atomic hydrogen. Our experiments, in which
the atomic hydrogen is produced in a remote plasma, therefore show that the hydrogenation tem-
perature of 5000 C is indeed typical for the material, and not just for the NH 3 cracking process.
Details of the photoluminescence results also differ. Nakamura et al. saw an increase in a possibly
defect-related PL band centerd at 1.65 eV after their ammoniation treatment. No indication for
such a PL line is visible in our spectra. The remote hydrogen plasma used in our hydrogenation
technique therefore does not lead to defect formation detectable in PL. In fact, the quenching of
the defect-related line at 2.3 eV for the n-tyvpe sample (Fig. 5) shows that hydrogen can passivate
this deep defect state, most probably by a complex formation process. We can conclude that
in the experiments presented here, no compensation due to deep defect formation takes place.
The observed changes in the hole concentration therefore appear to arise from compensation by
shallow donor states created by the incorporation of hydrogen, or by a Mg-H complex formation.

A donor-like state related to the introduction of hydrogen would indeed be consistent with
both the Hall data and the photoluminescence experiments. Under this assumption, the position
of the new PL line 100 meV below bandgap would indicate the energy level of this new donor
state. One has then to rationalize that the introduction of hydrogen into the n-type samples does
not change the effective electron concentration, as visible in Fig. 1. The SIMS data reveal about
1O'9 cm-3 and l02 °cn- 3 hydrogen in the autodoped and in the Si-doped samples, respectively,
after hydrogenation, thereby giving an upper limit for the additional donor concentration in these
samples. Onfly 1/100 of these would be thermally activated at room temperature, leading to ani
added electron concentration well below the H all concentrations measured for these samples which
would be difficult to detect.

The presence of Mg-H complexes. which would passivate the acceptors in contrast. to compen-
sat ion as discussed above, would be shown by the observation of a local vibrational mode of such
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a complex, as has been achieved for the N-H-complex in ZnSe. Preliminary Raman and infrared
studies on the samples studied here indeed show such modes in the vicinity of 2200cm-1 when
Mg concentrations above 1019cm- 3 are present in the samples [7]. No indication for Si-H. C-H
and N-H vibrational modes has been found, however. Details of these results will be subject to
a future publication.

The observation of both the new PL line in n- and p-type samples and of the LVM of Mg-H
complexes in p-type material suggests that hydrogen can have various effects on the properties of
GaN. Indeed, in the p-type sample one has to conclude from vibrational spectroscopy and the PL
measurements that both effects, the compensation and the passivation, are present, although from
the relative intensities of the PL line at 3.35 eV in the p-type and autodoped samples one might
expect that the hydrogen-donor state concentration is small in the p-type material. However, the
chemistry of hydrogen in GaN is clearly a challenging subject [8], which will require considerably
more experimental and theoretical work.

SUMMARY

We have presented a comparative study of the effects of hydrogen in n- and p-type MBE-grown
GaN. We find that the hole concentration in Mg-doped samples can be significantly reduced by
hydrogenation above 500 0C. The electron concentration in autodoped and Si-doped material is
unaffected by hydrogenation. The observation of a new photoluminescence line at 3.35 eV in both
n- and p-type samples suggests that hydrogen has a donor-like state in GaN. The defect-related
PL line at 2.3 eV can be effectively quenched by hydrogenation, which indicates defect-hydrogen
complex formation. As a third effect of hydrogen in CaN, Mg-H complexes are observed in
vibrational spectroscopy.
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Hole concentrations of up to 1019 cm-3 have been reported for GaN:Mg films grown by molecular
beam epitaxy without any post-growth treatment. Comparing results from Hall measurements and
secondary ion mass spectrometry, we observe doping efficiencies of up to 10% at room temperatures
in such p-type material. By hydrogenating at temperatures above 500 *C, the hole concentration can
be reduced by an order of magnitude. A new photoluminescence line at 3.35 eV is observed after this
treatment, both in p-type and unintentionally doped n-type material, which suggests the introduction
of a hydrogen-related donor level in GaN.

Nitrogen-based Ill-V semiconductors are of considerable grown at 500 'C followed by the high-temperature growth of
interest due to their unique electronic and mechanical prop- the actual film at 800 'C at a growth of 200-250 nm/h. The
erties. They are wide-band-gap semiconductors which pos- typical thickness of the films studied here was 1 Am. In the
sess a direct-gap band (e.g., GaN and AIN in the wurtzite case of p-type samples, an undoped buffer layer of 300 nm
structure have band gaps of 3.4 and 6.2 V, respectively) and was first grown before the actual growth of the doped mate-
high thermal stability.' Consequently, these materials are be- rial. We have not observed any significant dependence of the
ing developed for two different potential applications: blue/ crystal quality on either thickness or dopant in MBE-grown
ultraviolet (UV) light-emitting diodes or lasers and high- GaN." 7

temperature electronics. A major obstacle to the realization Hydrogenation was performed with a remote microwave
of these applications has been the high n-type background plasma operating at 2 Torr. This technique excludes effects
doping which is thought to arise from native N-vacancy due to charged particle bombardment of the sample or its
defects.2 Only recently, semi-insulating and p-type-doped illumination from the plasma.8 A high temperature sample
GaN films have been obtained. In p-type material grown by holder allowed hydrogenation at temperatures up to 675 'C.
metalorganic chemical vapor deposition (MOCVD), acceptor No change in the surface morphology was observed after
dopants (e.g., Mg and Zn) have been activated by either low- hydrogenation. The films were electrically characterized in a
energy electron beam irradiation (LEEBI) 3 or thermal standard Hall-effect apparatus, with the samples abrasively
annealing.4 _

5 On the other hand, p-type films can be obtained etched into a clover-leaf shape. For ohmic contacts, Au was
without the need of such post-growth treatments by molecu- deposited on p-type GaN and Al on n-type material. Depth
lar beam epitaxy (MBE) where chemically active nitrogen is profiles were determined from secondary ion mass spectrom-
generated in an electron cyclotron resonance (ECR) plasma." etry (SIMS), with a Cs+ primary ion beam for the detection
The formation of Mg-H complexes under the abundant pres- of hydrogen/deuterium and an O- primary beam for Mg.
sure of hydrogen during the MOCVD growth has been sug- Calibration of the SIMS data was acii'tved with Mg and
gested by Nakamura4 '5 as the origin for the need to addition- deuterium-implanted GaN reference samples. To increase the
ally activate acceptors in this material. In this letter, we sensitivity, the GaN samples for SIMS were treated with a
report on the use of MBE-grown GaN, which as-grown dis- plasma containing deuterium instead of hydrogen. The pho-
plays a high acceptor concentration, to investigate the influ- toluminescence measurements were performed with a pulsed
ence of intentionally introduced hydrogen on the properties N, laser as the excitation source (3.678 eV). The photolumi-
of GaN. We demonstrate a substantial decrease in the hole nescence was focused onto the entrance slit of a 0.25 m
concentration in initially p-type material after hydrogenation grating monochromator and detected with a photomultiplier
and report a new photoluminescence line at 3.35 eV after read out by a lock-in amplifier.
hydrogenation of both p-type and n-type material. Figure I shows the carrier concentration at room tem-

Wurtzite GaN epilayers were grown on ((W)1) sapphire perature for three different samples subjected to isochronal
substrates by ECR-assisted MBE. Gallium and the dopant (I h) hydrogenation: a Mg-doped sample exhibiting p-type
elements (Mg and, for intentional n-type doping, Si) were conductivity, an unintentionally (autodoped) n-type sample,
evaporated from conventional Knudsen cells, while nitrogen and a Si-doped sample exhibiting n-type conductivity. The
radicals was produced by passing molecular nitrogen through latter samples were unaffected by the hydrogenation up to
an E('R source at a pressure of 1t 4 Torr. A microwave hydrogenation temperatures T of 6() 0°C, in contrast to re-

-power of 35 W or higher was used for the growth of semi- cent reports on InAIN and lnGaN.9 In the p-type material,
insulating (iaN films. Prior to the growth of the GaN epil- however, the hole concentration was reduced by over an or-
ayer, the substrates were exposed to the N plasma for 30 min der of magnitude by hydrogenation at T_-500 *C. The mo-
to form an AIN layer. A further GaN buffer layer was then bility, as determined by the Hall measurements, remained
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FIG. 1. Dependence of the carrier density on hydrogenation temperature in the high dopant concentration of 102 CM 3 revealed by
epitaxial layers of GaN. The isochronal hydrogenations were performed in a SIMS.
remote-plasma system. With regard to the effects of hydrogenation, the SIMS

profile in Fig. 2 shows that the deuterium concentration

unchanged at -0.3 cm 2/V s in the p-type samples, which found after passivation at 600 °C for I h is about the same as

suggests that the mobility is not limited by ionized dopant the concentration of Mg. The gradual decrease of the deute-

scattering. rium concentration for depths beyond 0.7 Am coincides with

A similar decrease in the hole concentration of Mg- the end of the intentionally Mg-doped layer, which is grown

doped GaN has been rtported by Nakamura and on an undoped buffer layer of 0.3 Am thickness. The SIMS

co-workers.4.5,t1 They used MOCVD-grown material, which data, therefore, establish that under the hydrogenation-condi-

had been LEEBI-treated to obtain the initial dopant activa- tions which produced the observed decrease in hole concen-

tion. For a source of hydrogen these authors used NH3 which tration hydrogen is introduced into the sample to the same

had to be thermally decomposed at the sample surface. The concentration as the Mg.

observed passivation conditions, especially the temperature, There are in principle two mechanisms which could ac-

in these experiments could, therefore, be characteristic of count for the results presented in Figs. 1 and 2: the formation

either the GaN (e.g., diffusion process or activation energy of Mg-H complexes, which would passivate the acceptors, or

for the formation of complexes) or rather of the NH3 decom- compensation due to the possible donor state induced by

position on the sample surface. The results presented in this hydrogen in GaN. An unambiguous experiment which would
letter unambiguously establish that the comparatively high show the existence of Mg-H complexes would be the obser-
temperature for the passivation is due to the bulk properties vation of its local vibrational modes. Such modes have been
of GaN. In addition, the control experiment included in Fig. observed in other materials such as Si and GaAs, establish-
1, where the microwave plasma was switched off during the ing the presence of such dopant-hydrogen complexes.'" 2

post-growth treatment of the samples, demonstrates that ex- With samples from the present study, preliminary Raman
posure to molecular hydrogen at temperatures up to 600 TC scattering13 and infrared absorption14 measurements reveal
does not affect the hole concentration of p-type GaN. vibrational modes in the vicinity of 2200 cmn- in samples

The introduction of hydrogen into the material was veri- with very high Mg concentration and low doping efficiency.
fled with SIMS. In Fig. 2, depth profiles are shown for both These results will be presented in a forthcoming publication.
Mg and deuterium. The Mg profile together with the hole It appears that the observed reduction in the hole concentra-
concentration quoted above permits an estimation of the dop- tion is indeed due to the formation of hydrogen-acceptor
ing efficiency that can be achieved with ECR-assisted MBE. complexes as previously suggested.4'
For the specific sample illustrated here the efficiency is Further information on the effects of hydrogen iti GaN
slightly less than 10% at room temperature. From photolu- were obt?.ined from photoluminescence (PL). In Fig. 3, a
minescence experiments such as those discussed below, one comparison is shown between the photoluminescence of Mg-
expects the acceptor to have an ionization energy of about doped and autodoped samples, both before and after hydro-
150 meV. For thermal excitation into the valence band, sig- genation at 600 *C. The two dominant PL lines in the as-
nificantly less than 1% of the acceptors should be ionized at grown samples are the exciton line at 3.44 eV and the Mg-
300 K. The considerably higher apparent ionization of 10% acceptor related line at 3.25 eV, with its two phonon replicas.
therefore suggests that the dominant transport process is After hydrogenation, these lines are still observed in the re-
impurity-band conductivity. This would be consistent with spective samples, but a quantitative comparison of signal
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atoms were introduced into the autodoped sample by hydro-
genation, thereby giving an upper limit for the additional

exciton -- donor concentration. Thermal activation at room temperature
new H-related PL line (3.3S eV) --- a. of this assumed donor level deeper than the native defect

electron-Mg acceptor-- related level would lead to an added electron concentration
of 1017 cm-3, significantly lower than the observed electron

gC= Hdoete concentration of 8X 10 17 cm 3 due to the nitrogen deficiency.
Hr eThis would be consistent with the failure to observe any

changes in the electron concentration of the autodoped
&autodloped "sample in Fig. I and therefore be consistent with the assump-

C •tion of a hydrogen-induced donor state. Another possible in-

L. terpretation of the new PL line could be the formation of
extended defects such as dislocations by the hydrogenation.

Hydrogenated The binding energy of such defects might be as large as the
) -100 meV PL shift observed. Clearly, further studies are re-

Mg-doped quired for the final assignment of this new PL line.
In conclusion, we have shown that by introducing hydro-

gen into MBE-grown p-type GaN the hole concentration can
1.8 2.2 2.6 3 3.4 be substantially reduced, which suggests the formation of

Mg-H complexes. No change in the electrical properties of
Energy (eV) n-type samples has been observed up to 600 *C. A new pho-

toluminescence line at 3.35 eV appears after hydrogenation

FIG. 3. Photoluminesence spectra of Mg-doped and autodoped GaN, N•th in both p- and n-type samples. The photoluminescence indi-
before and after hydrogenation. cates that hydrogen might have a donor level in GaN.
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Four local vibrational modes are reported for Mg-doped wurtzite GaN. which as grown pos-
sesses high concentrations of hydrogen. The modes, studied by Raman and infrared absorption
spectroscopy appear to form two pairs. Based on the observed selection rules, one pair. with room-
temperature frequencies of 2168 and 2219 cm-1 is assigned to inequivalent Mg-H complexes in the
c plane and parallel to the c axis, respectively. The origin of the second pair of modes at 2151 and
2185 cm-, which are IR inactive, is speculatively linked to the presence of diatomic molecules such
as N2 or H2.

Wide-band-gap 1I-VI and III-V semiconductors are re- tal energy of different configurations that are compatible
ceiving considerable attention due to their possible ap- with the observed symmetry or measurements of the vi-
plications in ultraviolet to green-light emission devices brational modes under uniaxial stress carl then identify
and high-temperature electronics. A major obstacle to the microscopic structure of the complexes.
the realization of such devices is an apparent difficulty In ZnSe, a wide-band-gap compound, the observation
to obtain p-type doping in these materials when using of tile vibrational modes of N-H complexes in MOCVD
growth techniques such as metal-organic chemical vapor grown material has indeed shown that such acceptor-
deposition (MOCVD). This limitation has recently been hydrogen complexes are formed anl(l appear to limit tile
overcome by the successful growth of films by molecular- p-type doping efficiency.'' 5 In p-type GaN electrical ncea-
beam epitaxy (MBE). The absence of hydrogen from the surenlents have shown that Mg acceptors call be passi-
gas phase during MBE growth has led to the assump- vated or compensated by introduction of hydrogen from
tion that the formation of acceptor-hydrogen complexes a remote microwave plasma at hydrogenation temnpera-
is tile reason for the low (loping efficiency in MOCVD- tures above 400 'C.6.7 A new photoluminescence line at
grown material. 3.35 eV was observed after hydrogenation. which might

Dopant-hydrogen complexes in semiconductors have indicate that hydrogen has a donor level in this mate-
been studied with a variety of techniques.1 The effect rial. On the other hand, secondary-ion mass spectrome-
of hydrogen on the electrical activity of the dopants has try (SIMS) revealed that hydrogen can be introduced to
been studied by temperature-dependent Hall effect mea- the same concentrations as the Mg acceptors, which couli
surements and the spatial extent of a passivation by indicate complex formation. Vibrational spectroscpy, as
capacitance-voltage measurements. A definite proof for discussed above, should be able to establish the presence
the existence of complexes, however, can only be obtained and structure of such hydrogen-dolkint complexes. In
by the observation of their local vibrational modes (LVM) this paper, we report the observation of several local vi-
with infrared (IR) or Raman spectroscopies. In silicon brational modes in Mg-doped GaN epitaxial films which
and gallium arsenide, where the effects of hydrogen have possess significant. H concentrations. We assign a IV,!
been most extensively studied so far, the local vibrational pair at 2168 and 2219 cm-1 to the stretching vibrations
modes of hydrogen bound to a large variety of dol)ants of two inequivalent Mg-li coml)lexes. The origin of a sec-
have been identified. These include H-containing corn- ond, IR inactive pair at 2151 and 2185 cm-1 is discussed
plexes with B, Al, Ga, P, As, and Sb in Si and with Si, and alight he due to the presence of 112 or N 2 ill tie films.
Ge, Sn, Zn, Be, and Cd in GaAs. 2 3 By analyzing the Wurtzite GaN epilayers were grown oni (000(1) c-
polarization dependence of vibrational modes in IR and plane sapphire substrates by electron cyclotron resonance
Raman experiments, information on the symmetry of tile (ECR) microwave plasma assisted MBE. 9 Gallium and
complexes is obtained. Calculations determining the to- magnesium were eval)orated from conventional Knllt-
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5en cells, and activated nitrogen was produced with an agation of the light nearly parrallel to the c axis could be
efficiency of about 10% by passing molecular nitrogen performed.
through the ECR source at a pressure of 10' Torr and The results of the room-temperature Raman and in-

* a microwave power of typically 35 W in the ECR plasma. frared absorption measurements on a variety of Mg-
Prior to the growth of the GaN epilayer, the substrates doped GaN samples are summarized in Fig. 1. Four
were exposed to the N plasma for 30 min to convert Raman active vibrational modes were detected, which
the surface of the sapphire substrates to AIN. A GaN appear to comprise two pairs. One sample shows only
buffer layer was then grown at 500'C followed by the the first pair at 2168 and 2219 cm-' (Fig. 1(a)]. In most
high-temperature growth of the actual film at 800 'C at samples studied, however, a second pair at about 2151
a growth rate of 200 to 250 nm/h. The two-temperature and 2185 is observed as shown in the Raman spectra of
growth was shown to promote lateral growth and thus Fig. 1(b), the lower frequency peak being considerably
layer-by-layer growth. Depth profiles from SIMS typ- broader than the other peaks observed here. Within a
ically show Mg concentrations of 1020 cm- 3 . Room- pair, the relative intensities of the peaks remain constant
temperature Hall measurements find hole concentrations at around I to 2 for both pairs, while the intensities of
of up to 1019 cm-3 in some samples, which corresponds to the two pairs with respect to each other vary consid-
a doping efficiency of -:10%. However, the specific sam- erably as exhibited by the two Raman spectra shown.
pies studied here show H concentrations above 1019 cm- 3  Both pairs show the same polarization dependence: By
as determined with SIMS. The exact origin of this con- changing from the z(xx)-. to the z(xy)_. scattering con-
tamination is unknown at present, but appears correlated figuration, the Raman intensity is reduced by a factor of
with the microwave power used in the ECR source and 10, but the spectral shape remains unchanged. Both un-
linked to the Mg doping. The ECR plasma tends to ac- doped and hydrogenated Si-doped (4 X 1020 cn- 3 ) control
tivate spurious hydrogen concentrations in the gas phase samples were investigated for similar vibrational modes
and thereby increases its incorporation probability in the both in this frequency region and near 3000 cm-'. No
films. Furthermore. there is mass-spectroscopic evidence Raman signal of a local vibrational mode was found in
from the outgassing Mig source that Mg tends to getter these samples.
hydrogen which is then released during the Mg evapora- In the IR absorption of all Mg-doped GaN films studied
tion. The hydrogen content in the films can be minimized here. however, only the first pair is observed, with the
by carefully outgassing of the system prior to the growth high-frequency mode at 2219 cm- 1 barely detectable in
of the GaN films, thereby increasing the doping efficiency. the specific transmission geometry that was used. In fact.

* MOCVD-grown Mg-doped GaN was not available for this the IR spectrum shown in Fig. l(c) was obtained on a
study.

Raman spectra were excited at room temperature by
100 mV of 488 nm laser light in a custom-built Raman
microprobe based on an Olympus metallurgical micro-
scope with a 50x objective (NA = 0.8). The spot size
was approximately 2 pinl. Spectra were detected by an
imaging PMIT (1024x 1024) with a holographic notch fil- Raman

ter (Kaiser Optical Systems) and a 640 nm spectrograph ,.• (a)
with a 1200 groove/nun grating. Typical collection times 2185 cm" i ,% :\ -*- 2151 cm"'

were between 200 and 800 s. The spectral resolution was 2 cm

4 c- and the precision ofthe line center determinations :,"
is ± I cii Polarized spect ra were corrected for differ- Raman

ences in grating efficiency by calibration with a white A ý
light source. Since only epilayers of typically I pim thick-
ness grown on c-plane sapphire were available for this
study, only Raman measurements in the backscattering W
configuration z(xx)z or z(.ry)z could be performed, with
the z direction parallel to the c axis of the wurtzitc struc-
ture.

The infrared absorption measurements were conducted 2300 2250 2200 2150 2100 2050

* at temperatures of 300 K and 8 K with a Bruker IFS 113 Frequency(cm"')

Fourier transform spectrometer. A mid-IHR glowbar light FIG. 1. Local vibrational modes iil Mg-doped GaN. The
source, a KI~r/(;e beani splitter. andl anl MCTI detectorweurea beam ws i i i detect Ratnan spectra (a) and (b) and the IR spectrum (c) were

wereused.The resoluition ws2 . r avoid reduc- obtained from different samples. The Ranian ineasuremn'nts

tion of sensitivity dhc to light hiterf(erence in the thin were performed unde(r ambient conditions in the z(.rr)-- polar-
GaN layers, the light was incident o(i the sanml)les at ;in ization configuration. The IR measureennts were performed
angle of 6(0" fromn t he surface iiornial. For an index (If rv- with the sample ill vacuunil at rooni teniperature. Two pairs

fraction correspondiiig to a relative permiittivity of : 9, (f LVM are found, indicated by dashed and dotted lines. Only
the infrared light propagation vector made an angle of the pair at 216S and 2219 cm - is IR active. It is assigned to

15" with respect to the (- axis. Blecause of the samplhde ge- Mg-H complexes orielnted either in the c plane o)r parallel to
onietry, only tranosnmission mneastireelints with the prop- the c axis of the whirt iite lattice, respectively.
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sample possessing - particularly strong Ranian signal at TABLE I. Selection rules for the vibrational spectroscopy
2185 cm-1, which is a constituent of the second pair. of Mg-H complexes in wurtzite GaN.
"The typical linewidth of the 2168 cr-'' niode observed Point
with both techniques is 15 cm-'. This inhomogeneous symmetry Vibration IR Raman
broadening might be due to residual strain or the high Conf. I Ca., A4 z = yy,

"" concentration of vibrational centers. Conf. I C. A' x, y xx, yy. xy. zs

Manabe and co-workers have studied local vibrational
modes of Be in CdS and CdSe, which also have a wurtzite
lattice." While the wurtzite lattice has C 6, point group A 1 vibration of Mg-H parallel to the c direction which is
symmetry, the defect with Be on the Cd site has C 3, IR inactive for transmission experiments with the light
point group symmetry. The effect is a splitting of the propagating in the c direction. (The weak IR signal
local vibrational mode into two peaks with local symme- at 2219 cmi-l is indeed consistent with the slight off c
tries A1 (IR dipole parallel to c axis) and El (IR dipole axis orientation of the sample during the IR measure-
perpendicular to c axis). In the case of a hypothetical inents.) This assignment to a H complex is corrobo-
Mg-H local vibrational mode, the addition of the liy- rated by the SIMS results which show that the local
drogen changes the symmetry slightly. If the hydrogen vibrational modes are observable only in samples with
atom is along the c axis bonding direction (e.g., Conf. I in [Mg] >_ 1020 c11- 3 and. avaraged over the sample thick-
Fig. 2), the point symmetry is C 3,. If, on the other hand. ness, [H? _ 1019 cu1- 3 . The participation of Mg ii the
the H is along a bonding direction in the planc (e.g., Conf. complex is further supported by the absence of the miodes
II), the symmetry is C,: there is a single plane of sym- discussed above in undoped or Si-doped GaN. Finally, the
mnetry containing the Ga atom in the next layer and th,' observed frequencies are in a spectral region where oulv
Mg-H bond. This gives rise to the selection rules for in- stretching vibrations of hydrogen are expected. Indeed.
frared and Raman spectroscopies listed in Table I. For the local vibrational modes of group-I- acce)tor hydro-
the specific transmission and scattering geometries eiii- gen complexes in - type GaAs and lnP observed so far all
ployed here, we therefore expect from group theory to lie between 2037 aLnd 22S 7 cm--. very near to the modes
observe only vibrations of Conf. II (H in c plane) with reported here. However. there ap)pears to be no previous
IR, but both configuratiots in Raman. report of vibrational modes related to Mg-H coml)lexes

Returning to the experimental results of Fig. 1, we in these materials. 1
find that the first pair at 2168 and 2219 cu'-1 indeed The exact microscopic configuration of the Mg-H coin-
behaves as expected for an accet)tor-hydrogen complex plex in GaN cannot be e. a!blislhed from the measure-
in a wurtzite material. From the selection rule exhib- nits reported here. although time observed selection
ited by the IR spectrum, we therefore would assign the rules are consistent with the hydrogen situated on a Mg-
2168 cm- niode to the A' vibration of Mg-H complexes N b)ond axis. There are two sites available: (i) the tH in
oriented in the c plane and the 2219 cm-I mode to the the Mg-N bond (bonding or bond-center site) or (ii) thei

H ol)p)osite to this bondi in time antibontdiiig iite. Totlal
Conf. I energy calculations have determined that for I),, th groiup-

Ill acceptors inl Si aind for groiip-lI accept ors inl GaAsý t li
bond center site is the energetically more favorable. This

specific configuration is .-hown ini Fig. 2 for the coiiipli]x in
I both the c direction (Conf. I) and the c plane (('onf. Il1.

The introduction of the hydrogen may lead to a threefold
-,D coordination of the acceptor atoni and a rclaxation to-

wards the plane fornied by its three nearest N n,-ighbors.
Support for this assumption might be obtained from the

Conf. 11 comparison of the obs, -.-ed stretching frequencies around

2200 cnm- in GaN to those in corresponding molecuhls.
One finds the stretching modes at 144.1 cmn-1 in NI13 and

-- . 1450 cru1 in MgH,2 which coNuld indeed indicate that
both N and Mg participate in the bonding of the hydro-
gen atom. However, the corresponling argument fails ill

- the case of B-doped Si. where the observed ,node of tl,e
B-H complex has a low,-r frequency tha I both Sill 4 and

0 Ga 0 N * Mg 0 H B2 H6. It should also be noted that the frequency of thI'

proposed Mg-H local vibrational nmode in CaNl does not

FIG. 2. Hypothetical structural configurations of the two appear to be strongl, influenced by tile presence of iii-

inequivalent sites of the Mg-H complex in GaN. The hydrogen trogen at the grout)-V latt:ce site, when c,:,pared. for

is assutmed to be in a bond-center position, with t he Mg atom examphe, to LVM's of :,up-ll- accept or hyidrogen cmn-
relaxing to the plane formed by its nearest N neighbors. In I)lexes in GaAs. This liight indicate th.,t the hytydrormn
Conf. I the Mg-H bond is in the c-axis direction, while in atom is in the antibonding site rather than in the bond
Conf. I1 the bond is in the r plane. The dashed circles indicate center position. In addition. in silicon the lt-Ga (omiplhx

substitutional lattice sites, has a lohal vibrattioumal IIn,,(hei
3 ;tt 2171 cmi 1. which co-
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incides with the strong IR-active mode shown in Fig. 1. vibrational frequency."5 The suggestion that the second
Therefore, another possible candidate for the complex is pair might originate from N2 molecules, again oriented
a nitrogen vacancy with one or several of the adjacent in two nonequivalent configurations parallel to the c axis
Ga atoms passivated by hydrogen. Since the LVM's are and in the c plane, receives some corroboration from the

-observed only in Mg-doped material, such a hypothetical growth conditions used, which as in the case of GaAs,
vacancy should correlate with a Mg atom. Total energy employed an overpressure of the group-V constituent to
calculation will be invaluable to identify the microscopic avoid surface segregation of Ga. It however remains to be
configuration(s) of the Mg-H complex in GaN. understood under this assumption why the hypothetical

The assignment of the second pair at 2151 and N 2 mode is not observed in undoped or Si-doped GaN,
2185 cm- 1 in Mg-doped GaN films is considerably more which are grown with the same overr-ressure of nitrogen.
difficult. The failure to observe absorption in IR spec- One possibility is that the incorporation or stability of
troscopy would indicate that the microscopic structure N2 in GaN might be dependent on the Fermi level posi-
does not exhibit a built-in dipole moment in the polar- tion. A continuing systematic study of growth conditions
ization direction of the IR used in the transmission ex- by LVM spectroscopy is anticipated to yield new insights
periments. (In fact, due to the limited signal-to-noise and fundamental information on native defects as well as
ratio, we can only conclude that the IR cross section is dopant incorporation during growth of GaN.
at least a factor of 20 smaller than that for the mode
at 2168 cu-'.) One possibility could be Mg 2 or Mg
precipitates, although their vibrations are expected to The authors are pleased to thank C. Van de Walle,
occur at considerably lower frequencies. Another possi- J. Neugebauer, and E. E. Haller for helpful discussions
bility are diatomics, however, H 2 and N 2 have stretching and B. Krusor for technical assistance. The work at Xe-
frequencies in the gas phase of 4395 and 2360 cm-1, re- rox PARC was supported by AFOSR under Contract No.
spectively. A definite assignment can once again only F49620-91-C-0082 and at Boston University by ONR un-
be made based on calculations. Although it is expected der Contract No. N0014-92-j-1436. The work at LBL was
that the H2 vibration in Si is considerably shifted down- supported by the Director, Office of Energy Research,
wards to about 2300 cm-1,1 4 preliminary calculations under Contract No. DE-AC03-76SC00098. Two of the
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rated into the crystal without significant changes in its from the Alexander von Humboldt-Stiftung.
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ABSTRACT

Reactive ion etching of GaN grown by electron-cyclotron-resonance, mi-
crowave plasma-assisted molecular beam epitaxy on (0001) sapphire sub-
strates was investigated. A variety of reacti'e and inert gases such as CC12F 2,
SF 6 , CF 4, H2/CH 4 mixtures, CF3Br, CF 3Br/Argon mixtures and Ar were
investigated. From these studies we conclude that of the halogen radicals
investigated, Cl and Br etch GaN more effectively than F. The etching rate
was found to increase with decreasing pressure at a constant cathode voltage.
a result attributed to larger mean free path of the re.ctive species.

INTRODUCTION

The family of refractory nitrides (InN, GaN, AIN), their solid solutions
and heterojunctions are one of the most promising families of electronic ma-
terials. All three binary compounds are direct bandgap semiconductors with
energy gaps covering the region from 1.95eV (InN) and 3.4eV (GaN) to
6.28eV (AIN). These materials should find applications in optical devices
(LED's lasers, detectors) operating in the green-blue-UV parts of the elec-
tromagnetic spectrum. Due to their unique physical properties, the materials
are also expected to find applications in high temperature, high power, and
high frequency electronic devices. However, the fabrication of such devices
requires the development of a number of device processing techniques, in-
cluding reactive ion etching.

There are limited reports in the literature regarding etching of GaN [1-41.
Pankove [1[ reported that GaN dissolves in hot alkali solutions at very slow
rates, and thus, wet etching is not practical for this strongly bonded material.
Foresi [21 reported the reactive ion etching of GaN grown on the R-plane of
sapphire using CC12F2, and Adesida [31 reported the etching of GaN using
SiCI4. Pearton [4[ investigated ECR microwave discharges for the etching of
GaN, InN and AIN.

In this paper we report on reactive ion etching studies of GaN grown on
(0001) sapphire substrates using a variety of reactive and inert gases. The
effect of plasma parameters on etch rate, morphology and selectivity were
investigated.
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EXPERIMENTAL METHODS

The GaN films were grown onto (0001) sapphire substrates by the method
of electron-cyclotron-resonance microwave plasma-assisted molecular beam
epitaxy (ECR-MBE) using a two temperature step growth process [5,6]. In
this method a GaN buffer is grown first at low temperature (500°C) and the
rest of the film is grown at higher temperatures. This process was shown
[5.61 to lead to high lateral growth rate resulting in a layer by layer growth.
The films have the wurtzite structure with the c-axis perpendicular to the
substrate. Although the films were not intentionally doped they were found
to be n-type with carrier concentrations in the order of 10'Scm-3, due pre-
sumably to nitrogen vacancies.

The ion etching of the GaN filmq wac carried out in a parallel plate reactor
supplied with 13.5 MHz RF power. Various patterns were formed on the.top
of the GaN films with AZ 1350 J photoresist. Various reactive and inert
gases were employed. The depth of the profile of the etches was determined
by a profilometer or by directly measuring the thickness by a cross-sectional
SEM image. The quality of the etch morphology was also assessed by SENI
imaging.

EXPERIMENTAL RESULTS AND DISCUSSION

First the etching rate from different reactive and inert gases was investi-
gated. To compare the results the etching was carried out at "he same gas
pressure (11 mT) and the same cathode voltage (600V). The results are listed
in Table I.

Table I. Etching rates of GaN (himT and 600V cathode voltage.)

Gas Etching Rate IA/mi'-.
CCI2 F2 IS5
CF 3 Br 150

CF 3Br/Ar (3:1) I 200
CF 4  120
SF 6  [ 100

H,/CH4 (2:1) I 30
Ar L 65

Fromn these results it is apparent that F is a less efficient etchant of CaN
tiian the other halogen radicals C1 and Br. Etching b. havdrogen radicals
and physical sputtering are even less efficient processes. Nevertheless. the
mixture of a certain percentage of Ar iin CF 3Br improves the etching rate of
the reactive gas.

The effect of gas pressure on the etching rate of GaN was investigated by
using CF 3Br/Ar (3:1) and a constant cathode voltage of 600V. The results
are shown in Figure 1.
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Fig. I Etch rate of GaN vs. the pressure of CF 3Br/Ar (3:1) at a constant cathode
bias of 600V.

The higher etching rate at lower pressures suggests that the limiting step in
the etching process is the mean free path of the halogen radicals. A typical
etching profile obtained at lhmT of CF 3Br/Ar (3:1) and 600V of cathode
voltage is shown in Figure 2.

Fig. 2 A typical etch profile of GaN using CF3 Br/Ar (3:1) made under conditions
described in the text.

We observed that the pyramidal features in the etching pattern are not
present when etching was carried out at 5mT. By measuring the thickness of
the photoresist prior to and after etching the selectivity at 5mT was found
to be greater than 3:1 CaN to photoresist.
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CONCLUSIONS

We report on reactive ion etching of GaN grown onto (0001) sapphire.
Various reactive and inert gases were employed from which it was found
that CI and Br etch GaN more effectively than F. The effects of plasma
parameters on etch rate and surface morphology were investigated using a
CF 3Br/Ar mixture in a 3:1 ratio. Etch rate and surface morphology were
found to improve at lower plasma pressure, resulting in an etch rate in excess
of 400 A/min at 4.2 mT.
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Abstract
The role of ionic and non-ionic excited species of nitrogen in the growth of GaN thin films by Electron Cyclotron

Resonance Plasma Assisted Molecular Beam Epitaxy (ECR-MBE) has been investigated. It was found that the kinetics of
film growth is significantly affected by the microwave power in the ECR discharge. Specifically, a transition from an island
to a layer-by-layer and finally, to a three dimensional growth has been observed as a function of power. These
morphological changes are accompanied by degradation of the electrical and luminescence properties, a result attributable
to increased native defects and impurities. SIMS analysis indicates that impurity levels in the films increase with the
plasma power levels used during the growth. To study the relative role of ion induced native defects in these films,
strategies for charged species extraction were developed by using an off axis solenoid to modify the magnetic environment
during growth. Films grown under a reduced ionic/excited neutral ratio environment show marked improvement in the
electrical and luminescence properties. These data together with SIMS analysis, indicate that observed improvements in
these films are due to a reduction of native defects and not impurities.

PACS # 68.55.-a, 68.55.Bd, 68.55.Ln, 72.80.Ey

in the growth of the III-V nitrides as well as in the p-t.pe

I. Introduction doping of the 1I-VI family of semiconductors. The lower

Gallium nitride is a refractory semiconductor under process pressures required for stable operation, the high
intense study due to its direct bandgap at 3.4 eV as well as ionization efficiency as well as the low energy of the

the ability to modify this value over an extremely wide excited species make them ideally suited for activating
t sunreactive gas species such as nitrogen, thereby serving as

spectrum through the formation of ternary solutions eith a high density source for low pressure epitaxial growth

InN (E8 = 1.9eV) and AIN (Eg-- 6.2eV). Difficulties in processes. It has becn widely observed that GaN films
reproducible p-type doping as well as reducing background grown at higher microwave power levels exhibit degraded

electrical and luminescent properties over films grown
donors have proven formidable challenges that are just uneril mice popertaes attribue town

staringto b ovrcom. Te bakgrund lecron under lower microwave power, a result attributed to 'ion
starting to be overcomne. The background electron damage' 8,16,17concentration in GaN has been ascribed to nitrogen dmg''6•
cncntrationh in expacted ha been ascribewdtonitroe 2Previously, workers have reported on various methods

vacancies, which is expected to be a shallow donor (-20-30 to control the ionic species in plasmas" ,s ':° These

meV) in GaN"'2. In order to reduce nitrogen vacancies, a technique gee utilie an ele cmagnetic fielt

number of workers have developed plasma-enhanced, techniques generally utilize an electric or magnetic field to

kinetically controlled processes, such as modified guide/repcl charged species through magnetic field

molecular beam epitaxy or sputtering, to achieve better confinement or Coulombic effects. Substrate or grid

control over the stoichiometry of the films 3-12 .These biasing is a popular technique due to the comparative ease
conroesses generally re y s oniplaome of nitroge n fils p. e of implementation". However, in low pressure plasmasprocesses generally rely on plasmas of nitrogen to provide with ionic species having highly anisotropic kinetic

chemically active nitrogen species to allow film growth with whic leaving hige intraction etic

below the decomposition temperature of GaN'3 . These energies, which lead to long range interactions, substrate

workers utilized a variety of plasma generating sources, biasing has been shown to strongly affect the plasma

which, in turn, can generate a variety of active nitrogen generation upstream in the source through electron
extractiontreflection making the interpretation of such

species. This raises a question as to what active nitrogen
species are important for the growth of high quality GaN. experiments difficult"8 . On axis solenoids have been

Some important observations that can be made from these extensively studied both in ECR as well as magnetron

works is that I.) GaN can be effectively grown without the sputtering plasmas as a means of charged species

presence of ionic species9"0 . 2.) The plasma to substrate controI'9 -2. While this technique is very effective in

-potential difference is critical in the formation of charged species control, it is typically very difficult to

'electrically active defects, either through bombardment introduce the required solenoids into the apparatus due to

effects" or through modulation of the defect formation geometrical constraints.In this paper, a comprehensive stud% of the growvth ofenergy for different surface potentials' 4"5s. GaN by the method of ECR-assisted MBE (ECR-MBE) is

Electron cyclotron resonance (ECR) plasma sources

are becoming popular for providing the activated nitrogen reported. The mechanism by which ions affect the growtIh
of the films has been studied. The degradation in filin

I



quality at elevated plasma power levels as well as the role (-20W) in order to grow in a low active nitrogen
of ionized species on film quality was investigated. In overpressure environment which was shown to promote
order to systematically study such phenomena, a new lateral growth (see Sec.Il1). After deposition the gallium
method of growth employing an off-axis external solenoid shutter was closed and the substrate temperature was
for charged species extraction was developed, ramped to 800'C, while the gallium and nitrogen fluxes

were adjusted for the growth of the rest of the filh. The
gallium shutter was then opened and the growth of a thick

,-11. Experimental Methods (l-2jim) GaN film proceeded at a rate of 0.22 Inm/hr. The
nitrogen gas (99.995% purity) was purified to >99.99999%

A. Film Growth by gettering with a Zr/Fe-based alloy. The nitrogen flow
rate for all films grown in this study was 6.0 sccm which

The films in this study were all deposited on (0001) corresponded to a process pressure of 1.2 x 104 T. Growth
A120 3 substrates by a two-step growth technique described was terminated by interrupting the gallium beam and
previously 3'21 . The growth apparatus (Figure 1) used in the gradually cooling the substrate to <400'C in the presence
current work, consists of an Intevac Gen II MBE unit with of the nitrogen plasma to minimize surface decomposition
an AsTex compact ECR source mounted in one of the of the film at elevated temperatures.
cffusion cell ports. It is important to note that this source In order to study the effect of the extraction of
has an axial solenoid to generate the magnetic field charged species from the nitrogen plasma we grew a series
required for ECR operation. The background pressure of of GaN films with the magnetic environment of the growlh
the system before the introduction of the nitrogen gas was chamber modified utilizing the external solenoid indicated
usually <10-1 T. The gallium (99.99999% pure) flux is in Figure 1. The gro%%lh procedures are identical to those
supplied by a conventional Knudsen effusion cell. The described above except for the inclusion of the external
substrates were chemically etched in a hot H2SO 4:H3PO4  solenoid which is situated outside of the growth chamber at
(3:1) solution for 20 minutes to remove surfacec3:1)sonuta onfor20minates as w a m e mrom e mhanical an angle of about 600 with respect to the axis of the ECRcontmintesas wll s dmag fro mehancal source. It consists of approximately 2300 turns of 18
polishing. They were then fastened to an insulating BN soure It co ppromately' 20uns of 18
plate with Mo wires and introduced into the MBE system mandrel. The external magnet was pounred by a DC
wherc they were outgassed in the preparation chamber power supply such that it induced a magnetic field opposite
at850'C. Prior to groeyh the substrate was heated to about in sign to that of the ECR source's solenoid in relation to
.850°C (as measured by a thermocouple behind the the substrate, as confirmed with a gaussmeter. Due to the
Ssubstrate) and exposed to a 35W nitrogen plasma to further relatively large separation between the external solenoid
clean the surface and form a thin AIN layer on the surface, and the ECR source, there is negligible perturbation of the
pas evidenced by a transformation in the RHEED diffraction magnetic field inside the ECR solenoid due to this external
pattern3' 21 . The substrate temperature wfas then lowered to field and it is expected that the species generation at the
550C for the growth of a thin GaN buffer layer (--300 A). ECR condition would not be affected.
This step was typically done at low plasma power levels

CECR Source External Solenoid
N 2P ferShte

t Beam Flux Monitor

N

1 0'

(Grp III & ,Wafer Load Lock
dopants) HE

Screen • Quadupole Mass Spectrometer
LN Cryopanel Rotatable Substrate Heater

Figure 1 - Modified ECR-MBE Growth Apparatus shoaling external solenoid used for the modification of the magnetic
environment during growth.
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Source Ou -.

(a.) (b.)
Figurc 2 - Magnetic field lines for (a.) no external solenoid and (b.) with extcrnal solenoid at 8 A. (Note: The external
solenoid in (b.) is schematically represented as being closer to the ECR source than in the actual simulation and
experiment.)

It is known that charged species in ECR plasmas are B. Plasma Characterization
strongly guided along magnetic field lines or, equivalcnthl, Nitrogen plasmas have been shown to have a variety
down the divergence of the magnetic field by ambipolar of excited nitrogen species, including N,", N:'. N and N"
diffusion20 . Magnetic field lines are drawn in figure 2 for 3* The ECR plasmas used in our growih %ere
the growth environment both without and with the external characterized both by optical emission spectroscopy and
magnet at 8 Amperes. These were computed by plotting Langmuir probe measurements. An optical emission
contours of vector potentials, calculated via linearly spectra typical for our ECR nitrogen plasma source is
translated/rotated superimposed dipoles using an shown in Figure 3. The measurement was performed using
approximation that the radius of the solenoid is much a UV fiber optic bundle to collect light from a vicxport
smaller than the distance from the solenoid to the line-of-sight with the source. The light was dispersed
substrate. The vector potential for one dipole is given by through a 0.25m monochrometer
Eq (1) 22: These studies reveal the presence of N2', as indicated

I ;r R1 by the emission at 391.4 nm associated with the first
4 (r (2 (2) negative system of Nz* (B 2 Z,÷ -+ X 21,÷). The remainder

\ý +X of the dominant peaks in the region of the spectra at ý. <

Where R is the radius of the dipole, ni is the amp-turns 500 nm arc associated with the second positive system of

associated with the dipole and z and x are the coordinate N2* (C In. -- B In.), such as the 337.1 nni line commonly

axes, normal to and in the plane of the dipole, respectively, utilized in nitrogen gas lasers. The banded emission in the

As can be seen in Figure 2, the external solenoid serves to visible part of the spectrum (500-700 nm) is due to the first

effectively divert the field lines away from the substrate positive system of N,* (B 3Fin -* A 37..) believci to result

area. By extracting the ions from the substrate area, the from the recombination of two ground state nitrogen (CS)

ratio of ions to excited neutral species could be atoms. The emissioi band in the 700-800 nm range can be

systematically varied. The current to the external magnet attributed either to the Y-bands of N, (B3' 1,,--4 B 3 I1)
was switched on to the specified value after the growth of which are also thought to be due to recombination of

the GaN buffer layer to avoid possible variations in the ground state nitrogen atoms24 or, as recentl)y proposed by

heteroepitaxial nucleation on the sapphire substrate which Vaudo ct. al., attributable to atomic as opposed to

would be expected to affect the subsequent film growth. molecular transitions°'025.

For the films grown with the external solenoid, the In order to study the charged species extraction, we

microwave pmoer was kept constant at 30W which was utilized the collector of a nude ionization gauge (Bayard-

deemed appropriately high enough to compensate for the Alpert type), situated at the location of our substrate during
extraction of the ions and maintain the stoichiometry of the the growth, as a Langmuir probe to measure the relative

films under "he range of external solenoid currents used in ion density as function of -,xtcrnal magnet current. The

this study. probe current was directly measured with a Keithlcy 617

3
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Figure 3- TNpical optical emission spectra for ECR nitrogen plasma (P,,.,., .= 35 W, nitrogen pressure = 1.2x10 4 T).

.0 I2 3A 2e'N,
electrometer connected in series with a DC power supply. - (2)
The grid of the ionization gauge was left floating to P 4 m,
minimize its effect on the plasma. TNpical I-N
minimteristis effeth pone bothite las d wicu h Where I, is the probe current in the saturated ion
characteristics of the probe both with and without the density (highly negative) regime. VP is the applied probe
external solenoid are shown in Figure 4. It is apparent
from these data that the activation of the external solenoid potential, A is the area of the probe. N, is the ion density

results in a reduction of both electron and ion densities at and m, is the ion mass. Due to sheath effects of the grid

the substrate surface. Relative ion densities were and surrounding components at these low pressures (10'4

determined by plotting 12 vs. V and using the relation2 6: T) quantitative determination of the plasma densities and
other plasma parameters (T,. V. and Vf) was not possible.

100-

OU Io mag. OA50

a) /rag 
i

Ilmag =7A

-100 ....
. 0"50 100

Probe Potential V

"-2-

Figure 4 - -V characteristics ofLangmuir probx: with thce ecrnal solenoid current at OA and 7A.



D. Sample CI.aracterization Ill. Experimental Results & Discussion
To investigate the microstructure of the films we

utilized a Jeol model JSM-6100 scanning electron A. Films grown without the external solenoid
microscope (SEM). The cross-sectional images presented
-in this study were all obtained at a tilt angle of 600 and a
magnification of 25,OOOX. The crystallinity of all the films
in this study was investigated by both in situ reflection We %vill first discuss the effect of the microwave

high energy electron diffraction (RHEED) and post gro-lth power in the ECR discharge on the structure and surface

x-ray diffraction with a Huber four circle diffractometer. morphology of the films. Figure 5 shows the RHEED

The RHEED patterns were generated with a 10 keV diffraction patterns for the films grown at the indicated

incident electron beam directed along the <1120> azimuth. microw.ave power levels. The streakiness of the diffraction

The x-ray diffraction scans performed were in the 0/20 patterns for the films grown at microwave powers up to 20

mode, which determines the film orientation along the W suggests that the surfaces of these films are atomically

film's surface normal and 0-rocking curves about the main smooth. The spotty diffraction pattern of the film grown at

(0002) diffraction peak (20=34.6*) which determines the 25 watts is consistent with a three dimensional diffraction

spread of orientations along the surface normal. The pattern which indicates a rough surface morphology.

source was a Cu sealed tube used in conjunction wvith a Similar spotty diffraction patterns have been reported for

sagitally focused graphite (002) monochrometer crystal samples grown at relatively high microwave power levels
'hich resulted in a beam with both Cu Kct1 and K1 by other workers27.m-hcntribultedions a Tea rovi o b ofh te sstem a nd K~x2 -Post growth SEM studies of these films, showvn in

this configuration is --4 main. figure 6, are consistent with the RIEED diffraction data.
this configuratigate is-4mprin. lli hThe films grown at the lowest power (figure 6 (a.)) showN a
To investigate impurity levels in the samples, strong columnar morphology. The spaces betmccn the

Secondary Ion Mass Spectroscopy (S[MS) analyosis -%-as columns are typically filled with phase separated gallium
performed using a incident beam of Cs atoms. The sputter by the end of the growtIh which occludes the three
rate was modulated for a short period of time during the dimensional diffraction which would be expected from
profiling to verify that the detected signals were not due to such columnar surface morphologies. However, the top
the background impurity levels of the analysis chamber. surface of the plateaus are atomically smooth, leading to
Due to a lack of calibration standards for impurities in the observed streakv RI-ED pattern. The films grown at
GaN, calibration data obtained from implanted GaAsGaNcalbraiondataobtine frm imlaned a~s 19 and 2( W (figure 6 (b.) and (c.)) show a progressive
standards was utilized. Consequently, the data should be coanescence (fithe island wit ho arfares

interpreted as a relative measure of impurities in the films. discernible for the films grown at 20 cl. On the other

The transport properties of the samples were studied hand, for films grown at powers >20 W. w te observ a

by using the four probe Van der Puw geomery. For(d).
samples grown with microwave power levels below -19 W Thar at a ou resin as sho w ige 6 od).
the sample was decorated with phase separated Ga droplets the data of f res 5 n the effect fion
by the end of the run, and needed to be etched in assistance on the mode of gro deih in the transition from
concentrated HCI for several minutes to facilitate electrical
measurements. The samples were first abrasively etched (b.)) to a layer by layer growth (Frank-Van der Mcr'e
into cloverleaf lamilla -5mm diameter and subsequently mode) (figure 6 (c.)) to a three dimensional groxvth which
digrnaso d in acetone and 2-propanol. Gold rliras fere leads to rough surface morphologies(figure 6 (d)). This

then soldered to the four outer contact areas using indium roughening can be indicative of layer-by-layer followed by

solder. The samples were mounted in a closed loop helium island growvth (Stranski-Krastanov mode) which can be

cr twhich permitted measurements to be perfored stress driven by either substrate/film lattice mismatch or
cfrostat ich to rmitte Magn e melds to b. Trandes structural defects. Alternatively, it can be the result of afrom 10K to 300K. Magnetic fields up to 0.7 T and test kntclyidcdruhnn rniin 8 det h

currents of 109-104 A were used in these experiments, kinetically induced roughening transitionc8 due to the

The photoluminescence spectra of the samples were d plasma's enhancement of surface adatoai
detrmied sin a itrgenpusedlasr a anexctaton adsorption/desorption as has been observed in GuN

determined using a nitrogen pulsed laser as an excitation epitaxial overlayers grown at high growvth temperatures- 9.
source. The laser line at 337.1 nun corresponded to a The crystallinity of the films was also examined by
photon energy of 3.678 cV. The 10 ns pulses, at a""rephotiton rten of 3.7 cV. weredirecte the 1mpses, a XRD studies. A typical 0/20 diffraction scan is indicated
repetition rate of 40 Hz were directed onto the sample i iue7 ihistsoigtecrepnig0

which was mounted on a cold finger at 77K using a

colloidal suspension of graphite. The resultant emission rocking curve scan. X-ray diffraction data corroborated

-was dispersed through a 0.25 m spectrometer and detected with the R-EED data for the samples in this study indicate

wvith a Hamamatsu R-928 photomultiplier tube connected that all the films are single crystalline and of high quality

to a lock-in amplifier. The lock-in was fed an external with FWHM of 0- rocking curve -10-20 min. and not

triggcr pulse from a photodiode which samples the incident strongly correlated with the microwave plasma power used

beam. The spectra w-ere not corrected for the response on during the film growt1h

the system.
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Figure 5 - RHEED diffraction patterns for samples grown at various nhicroiwaxe pox\cr [c~cls. (a) IS W, (b)I 9)W, (C) "IM,
and (d) 25WV.
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Figure 7 - XRD 0/20 scan with inset indicating corresponding 0-rocking curve.

source is correct and points out that the plasma is
2. Impurities responsible for the impurities in our films.

To investigate the role of the nitrogen plasma in the The exact origin of these impurities and their
incorporation of impurities in the films, SIMS analysis was correlation with the plasma is currently under
performed on samples grown at different microwave power investigation. However, we do know that they do not
levels. Figure 8 shows the dependence of the originate from our source materials. Mass spectroscopy
concentrations of hydrogen, oxygen, carbon and silicon as studies of the nitrogen source gas in the absence of the
a function of microwvave poevr in the ECR discharge. As plasma indicate impurity levels too small to account for the
discussed earlier, the absolute magnitude of these observed results. Sputtering and thermal outgassing from
concentrations may be inaccurate due to the lack of proper the ECR source's quartz liner as well as spurious
calibration standards, however, their relative magnitudes discharges observed in regions outside the quartz liner
and correlation with the microwave power in the plasma could be the source of these impurities, although one

cannot rule out plasma activation of impurities from the

HUec-,
10 0 0o I

*)Si

a) 19
4-I

1I0

"10

E 1

10 107
Grown with the

-1016 external magnet

S101

20 22 24 26 28 30 32 34

Microwave power [W]
Figure 8 - SIMS impurity levels vs. microwave power.
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Figure 9 - Transport properties vs. microwave power.

internal surfaces of our MBE system. nitrogen vacancies in the GaN which act as donors, since
We will now discuss the potential role such impurities higher microwave power leads to higher concentrations of

play in determining the electronic properties of the GaN active nitrogen at the substrate. Such an interpretation is
films. SIMS analysis alone cannot differentiate between also consistent with the fact that the gallium droplets
bonded and trapped impurities. In previous work" we associated with the phase separation of gallium in films
reported evidence that intentionally introduced hydrogen in grown at low microwave power are absent in films grown
GaN films is bonded, and we interpreted new features in at high microwave power. However, it cannot account for
the photoluminescence spectra as suggesting that hydrogen the reduction in electron mobility with microwave power
may introduce deep donor-like states. Based on the size of indicated in figure 9(b.). The data of figures 9 (a.) and (b.)
tetrahedral atomic radii of silicon, carbon, gallium and together suggest that films grown at high microwave power

- nitrogen31 one expects that silicon will incorporate in the levels are highly compensated.
Ga sublattice and act as a donor and carbon will The dependence of photoluminescence on microwave
incorporate in the N sublattice and act as an acceptor. By a power in the ECR discharge is shown in figure 10. These
similar argument oxygen will incorporate in the nitrogen data indicate that recombination in films grown at low
sublattice and act as a donor. This is supported by microwave power proceeds via a donor bound exciton at
empirical finding which show that intentional oxygen 3.47 eV33. Films grown at higher microwave power tend
incorporation leads to n-type GaN films 32. In the absence to show weaker photoluminesccnce with significant
of exact theory regarding these impurities in GaN we can recombination occurring through states close to the middle
only speculate that their combined incorporation should of the bandgap at 2.2 eV. The recombination kinetics
lead to relatively compensated GaN films. through these states was reported in another paper' 7 and

the origin of the states was attributed either to carbon in
2. Transport and recombination properties the films or ion damage'7' 34"3 '36 . The trend of the

The dependence of the net carrier concentration and photoluminescence spectra with microwave power is also
Hall mobility at 300K on the microwave power in the ECR consistent with the notion that films grown at high
discharge is shown in figure 9. Films grown at microwave microwave plasma power levels are highly compensated.
power levels higher than 25 W were found to have A possible mechanism for carrier compensation was
unmeasurable room temperature conductivity similar to suggested by the increase in impurities in the films
those reported by other workersi'2'. Hall effect discussed previously. Furthermore, films grown at high
measurements indicate that all the investigated films are n- microwave power may have additional compensating
type. The transport coefficients were calculated by centers due to various native defects (interstitials, Ga-

assuming that electron transport at 300K is dominated by vacancies, antisite defects) introduced either by ion

conduction in the conduction band and thus carrier bombardment or by modification of the kinetics of growth.
concentration was calculated from Equation 3, since such films arc grown at a higher ratio of active

! nitrogen/gallium.
11=- (3)

Rie B. Films grown in the presence of the external
where RH is the measured Hall constant.

The decrease in carrier concentration with microwave
power (figure 9 (a.)) is consistent with a reduction of
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Figure 10 - Photoluminescence spectra for films grown under various microwave power levels.

To study the relative roles of impurities versus ion begins to occur. Thus, in the presence of the external
damage as the mechanism for the observed compensation magnet, the ion damage in our films should be minimized.
in our films, we also investigated the growth of GaN films
in the presence of the external solenoid which allows for 1. Impurities/film structure
the extraction of ionic species from the growth area as The presence of the external magnet during the
discussed in Section 11. A comprehensive study by Powell growth of the films did not appear to affect the impurity
et al. on Reactive Ion Molecular Beam Epitaxy (RIMBE) incorporation in the films as indicated in figure 8. In other
grown GaN films:, using a Kaufmann ion source to supply -words the observed impurity concentration in these films
active nitrogen, shows a deterioration of the film quality, follows the same trend as a function of microwave power
as evidenced by TEM cross-section, as the energy of the as in films grown without the external magnet. The
ions was varied from 35 to 90 eV. In sources with axial structure of the films grown with the external magnet as
solenoids, such as the one used in this study, ionic species revealed by RHEED and XRD studies are similar to those
can gain significant translational kinetic energy through of films grown at approximately 19W microwave power
the ambipolar diffusion process associated with the without the external magnet.
divergent magnetic field. While it is expected that the An SEM micrograph of a film grown with the
energy of the ionic species in our plasma are somewhat external magnet at 6 A and total microwave power in the
lower than those associated with Kaufmann sources, ECR discharge of 30 W is shown in figure 12. These data
studies of ion energetics in ECR plasmas 37.38 suggest ion indicate that the growth habit is island-like and thus the
energies of 25-40 eV are reasonable at the process surface morphology of this film differs from that of figure
pressures used for growth. 6 (d.) which was grown at high microwave power with no

Langmuir probe studies, discussed in Section I1, show external magnet. This is significant as this correlates the
a systematic decrease in the ion density at the substrate as a surface roughening of the films grown at higher powers
function of the current in the external solenoid. Figure 11 with the ions in the plasma.
shows the normalized ion density versus external magnet
current. It is worth noting that the number of amp-turns in
the ECR source's solenoid and external magnet are
approximately equivalent for an external magnet current of
-5A. This is roughly where substantial species extraction

9



S1.o2

A

=0.8

o 0.6

• 0.4 A

0.2 A

0.0
0 2 4 6 8

Magnet Current [A]

Figure 12- Relative ion saturation current vs. external magnet current.

highly resistive. For the films grown at four amperes in
the external magnet, room temperature Hall measurements

2. Transport and recombination properties indicate n-t3•l conductivity with It = -40 cm 2/V-s and
n=2-5 x 10I cm- 3. Further increases in the magnet

Films produced at 30 W of microwave power in the current result in higher mobilities and somewhat lower
presence of the external solenoid were found to be n-type carrier concentrations as shown in Figure 13.
and highly conductive. The room temperature net carrier To study the electronic structure of the donors

"concentration and Hall mobility for a number of films responsible for the n-type conductivity in these films, we
produced at various currents in the external magnet are measured the transport properties of these films as a
shown in figure 13. These results indicate that the function of temperature, as shown in figure 14. These

- transport properties of these films are significantly results are consistent with the existence of shallow donors
different from those grown at high microwave power in the GaN films. Such temperature dependence was
without the external magnet, which were found to be discussed in another paper39, and is indicative of transport

Figure 11 - SEM micrograph of sample grown with external magnet at 6A
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Figure 13 - Transport properties of samples grown with various external magnet currents.

in both the conduction band and a shallow donor defect which wvas observed in films grown at high microwave
band. Regarding the nature of these shallow donors, we power without the external magnet (Figure 10). In
can speculate they are silicon and oxygen impurities conclusion, films grown with the external magnet differ
which, as discussed earlier, were observed to exist with from the samples grown without the external magnet in
comparable concentrations in our films. However, based their surface morphology, transport and photoluminescence
"on this data alone, we cannot rule out nitrogen vacancies properties. Furthermore, the data indicates that these
as potential donors. The fundamental difference between differences result from ions in the plasma. Thus, films
the transport properties of the GaN films grown at high produced with the external magnet wv'ere found to be of
microwave power with and without the external solenoid substantially higher quality than films grown without the
suggests that the films grown without the external solenoid external magnet.
have a high concentration of deep defects resulting from There are several roles ions may play in the formation
ionic species in our plasma. of deep defects. The first and perhaps most obvious is

Evidence that the films grown with the external magnet through physical damage to the film through
have a lower concentration of deep defects is also provided bombardment. It is also possible that the three
by photoluminescence studies on such films. Figure 15 dimensional growth observed at higher power levels results
shows the PL spectra for such a film measured at 77K. in a higher density of defects through the promotion of
This spectra shows a sharp exitonic transition close to the dislocation generation 40 . The nature of these native defects
bandgap of GaN and negligible luminescence at 2.2 eV, may be elucidated by high temperature conductivity

E 101 8

E 100 ALA
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*A 0)
A

'''' ~x0 V

10 100 (90 20 40 60
Temperature [K] IO00T [K 1]

Figure 14 -Transport properties vs. temperature for sample grown with external solenoid at 6A.
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Figure 15 - PL spectra at 77K of sample grown with external solenoid at 6 A.

measurements performed on the samples grown at 30W growth area. The difference between the surface
without the modified magnetic field environment. These morphologies, transport and photoluminescence properties

- measurements reveal the presence of a deep donor-like of the films grown with and without this solenoid indicates
level approximately 0.7 eV below the conduction band, as that the charged species in the nitrogen plasma, besides
has been reported previously for GaN films41 . It is possible affecting the mode of film growth, also affect the density of
that this level is indicative of a native defect such as a native defect states. We propose that these states are either
dislocation, antisite, interstitial or complex (similar to the point defects resulting from ion bombardment or
EL2 center in GaAs) acting as a donor-like trap, leading to dislocations whose formation is promoted by the ion
the low residual conductivity, induced three dimensional growth.

In addition, this modification of the magnetic field
IV. Conclusions environment is demonstrated as being a simple, effective

The role of ionic plasma species in the growth of GaN and unobtrusive method of extracting charged species,
films by the ECR-MBE method was investigated. Ion particularly where energetic anisotropies of the ionic

bombardment was found to have a profound effect on the species resulting from magnetic fields effects make biasing
mode of growth. The film growth was found to undergo a schemes difficult to interpret. This allows the growth ofmodeiof grolih. The filmsgrowth wassfoundatoyundergoea
transition from an island mode to a layer-by-layer mode high quality GaN films with substantially improved

and finally to a three dimensional mode as a function of electrical and luminescent properties.

micro-ave power in the ECR source's discharge. The
films exhibited a corresponding degradation in their Acknowledqments
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Blue-violet Light Emitting Gallium Nitride p-n Junctions Grown by Electron
Cyclotron Resonance-assisted Molecular Beam Epitaxy

R.J. Molnart , R. Singh and T.D. Moustakas
Molecular Beam Epitaxy Laboratory, Department of Electrical, Computer and Systems
"Engineering, Boston University, Boston, M4 02215

Blue-violet light emitting GaN p-n junctions were grown by the method of Electron Cyclotron Resonance-
assisted Molecular Beam Epitaxy (ECR-MBE). This method has been modified to minimize plasma induced
defects. Contrary to similar devices grown by Metallorganic Chemical Vapor Deposition, these devices do not
require any post growth annealing to activate the Mg-acceptors in the p-layer. These devices turn-on at
approximately 3 volts and have a spectral emission peaking at 430 run.

1 Current address: M.I.T. Lincoln Laboratory, Lexington, MA 02173

The III-V nitrides are rapidly becoming the material of reduced through the utilization of an exit aperture, 1 cm in
choice for the fabrication of short wavelength light emitters diameter, which promotes collisional relaxation of the ions
and detectors due to the capability of obtaining a wide due to the elevated pressure inside the source'0 .
spectral region of direct band-to-band transitions (1.9-6.2 Furthermore, some device structures were also grown in an
eV) as well as higher device stability than 1I-VI based environment of a reduced ratio of ionic to neutral metastable
devices. There have been a number of reports on the and atomic species by using an external off-axis solenoid as
fabrication of p-n junction LED's by the MOCVD method' 3 . described previously9. This technique was used to further
These devices typically have turn-on voltages of reduce plasma induced defects.
approximately 3-10 volts. While a turn-on voltage of~-3V is The p-n junctions were deposited on a (0001) sapphire
expected based on the bandgap of the material, turn-on substrate in the following way. First the substrate was
voltages >10V are not desirable in terms of device efficiency subjected to a nitridation process at 850'C to convert its
"-and may be related to difficulties in forming electrical surface to atomically smooth AIN as described
contacts. More recently, substantial progress has been previously8'"' 2. The next step was the deposition of an
reported on MOCVD grown InGaN/AlGaN double undoped GaN-buffer approximately 300 A thick deposited at

-heterostructures blue light emitting diodes with brightness 500'C. Following this deposition the substrate was heated to
levels larger than 1000 mcd 4. However, all these MOCVD 800oC s8,'"'3 and an autodoped n-type GaN film
grown devices require a post growth annealing stepj'3 or low approximately 2 gm thick was deposited at a deposition rate
energy electron beam irradiation (LEEBI) treatment' to of 0.2 rtm/hr. Such films generally have a carrier
activate the dopants in the p-type material. This was concentration of about 5x10I' cm 3 and electron mobilities of
correlated with the dissociation of H-Mg complexes5 which about 80 cm2/V-s. Finally the Mg-doped p-layer

6,7have been identified by IR and Raman spectroscopies6 . approximately 0.5 Rm thick was deposited by incorporating
The use of ECR-plasma activated nitrogen gas reacted Mg, sublimated from a conventional knudsen cell at 2301C.

directly with Ga metal in kinetically controlled processes, Such Mg-doped films grown under identical conditions were
such as molecular beam epitaxy, has been pursued as an found to be p-type with a net carrier concentration of 5x 10'
alternative growth method to minimize incorporation of cm 3 and a hole mobility of 6 cm2/V-s. The Mg flux was
hydrogen during film growth. This has resulted in films gradually raised by about an order of magnitude (TN1 =
which exhibit substantial p-type conductivity without post 2701C) near the end of the run to facilitate the electrical
growth annealing8. contacting of the top p-layer.

In this letter we report the growth of p-n homojunction
LED's by the ECR-assisted MBE method. These structures
were found to emit light in the blue-violet part of the Ni/Au contact (p) In contact (h)
spectrum, characteristic of Mg-luminescent centers. These 200/200 A

- devices do not require a post growth treatment for efficient 0.5grn
operation. Furthermore, by utilizing strategies to reduce ion-
induced defects9, devices with improved efficiency have been n-GaN
"obtained.

The deposition system consists of an Intervac Gen II
- MBE unit with an ASTeX Compact ECR source to supply 300 A Buffer Layer

plasma activated nitrogen gas. To minimize plasma damage
in the device layers, the kinetic energy of the ions, generated - Sapphire Substrate
in the ECR source and guided towards the substrate along
the magnetic field lines of the source's axial solenoid, was Figure 1- Schematic of investigated diode structure.



The top p-layer was electrically contacted by thermal Violet Blue Green 77K
evaporation of dots 300 4m in diameter consisting of 200 A
of Ni followed by 2000A of Au . The bottom n-layer was b.
contacted through the p-layer by soldering with indium
metal. A schematic of the device is shown in Figure 1. In relative eye
this structure the distance between the two contacts was of / response4) a. rsosthe order of 1-2 mm. The chip was then mounted in a chip
"carrier with silver paint and connected with an ultrasonic /
wire bonder. The devices' emission spectra was measured W
using a detector setup described previously for the
measurement of PL emission 4 . The devices were driven 350 400 450 500 550 600 650 700
with a pulse generator at -40 Hz and 10% duty cycle to Wavelength [ nm ]
facilitate locked-in measurements. The spectra were Figure 3 - Low temperature (77K) EL spectra of LED..'s
measured at a drive current of 150 mA or a current density grown (a.) without and (b.) with external solenoid driven at
of 212 A/cm 2, which is comparable to those reported onA1G N et rounti n io es5. 7A. Relative eye response from Ref. 16.
AlGaN heterojunction diodes'5 .

The I-V characteristics of one such device described in enhanced eye response in this region16. By using the
external solenoid to minimize ion damage in the film, a

100- reduction in this tail as well as an enhancement of the peak
at 430 nm is achieved resulting in a bluish-violet apparent
color. The dependance of th, total light intensity emission

so as a function of forward current for a typical LED is shown
1 measured in Figure 4. The emission increases linearly with forward

current up to about IF =175 mA. The sublinear dependance
. .. at higher currents is likely due to heating effects in the

-device.

assuming 60 ohms series resistar ce cd
, oof

Voltage IV] 0

(D.
"-Figure 2 - Room temperature I-V characteristics of typical C
GaN LED and calculated I-V characteristic after subtracting
the effect of a 60 0 series resistance.

Figure 1 is shown in Figure 2. Shown in the same figure is
the I-V characteristics calculated from the experimental data "
after subtracted the effects of a 60 0 series resistance. This 0 0 so 100 150 200 250
series resistance is believed to be the result of the large Forward Current ( (mA ]

separation of the two contacts of the device and are Figure 4 - Output light intensity vs. IF for the diode of
consistent with the sheet resistance of the n-layers. Devices Figure 3a at 77K.
with improved geometries as well as etched mesas are
currently under development and will be detailed in another The spectral dependance was also evaluated at room
report. The reverse breakdown at -10 V is expected temperature as shown in Figure 5. The peak wavelength of
considering the high doping (>1018 cm,3) levels on both sides 470 nm is somewhat larger than what has been reported for
of the junction 6 . The rather large leakage current at lower
voltages is probably due to defects in the material and has
been found to be less significant in devices of reduced areas. . -.T

Due to the excess heat dissipation resulting from the
parastic series resistance, the devices were first evaluated at
77K by immersing the chip in liquid N2 during the
-measurement. Figure 3 shows the EL spectra of two devices 2

' fabricated from layers grown without and with the external S

solenoid driven at 7A. The peak emission at 430 nm is w
* characteristic of Mg-doped GaN homojunction LED's. -A

While this peak is in the violet part of the spectrum, the 350 400 4M0 500 550 600 650 700
prominant tail which extends to longer wavelengths in the Wavelength [ nm ]

device grown without the external solenoid tends to Figure 5 - Room temperature EL spectra of a diode grown
dominate the apparent color of the device due to the with the external solenoid at 7A.
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We performed optical-absorption studies of the energy gap in various GaN samples in the
temperature range from 10 up to 600 K. We investigated both bulk single crystals of GaN and an
epitaxial layer grown on a sapphire substrate. The observed positions of the absorption edge vary for
different samples of GaN (from 3.45 to 3.6 eV at T-20 K). We attribute this effect to different
free-electron concentrations (Burstein-Moss effect) characterizing the employed samples. For the
sample for which the Burstein shift is zero (low free-electron concentration) we could deduce the
value of the energy gap as equal to 3.427 eV at 20 K. Samples with a different free-electron
concentration exhibit differences in the temperature dependence of the absorption edge. We explain
the origin of these differences by the temperature dependence of the Burstein-Moss effect.

I. INTRODUCTION tals of GaN may help to determine the role of a sample
quality.

GaN is a wide band-gap semiconductor, crystallizing in The purpose of this work was to examine critically the
the hexagonal wurtzite structure. GaN is currently attracting above listed contributions to the behavior of E9 in gallium
a lot of interest which results from its possible applications nitride.
in the field of optoelectronics and electronics. Because of the
large, direct gap and its outstanding chemical and physical II. SAMPLES
stability, this material is specially suited for the construction We have studied two types of GaN samples. Besides
of short-wavelength light emitting devices (diodes and la- using an epitaxial layer, we employed also bulk, single crys-
sers) and transistors operating at high temperatures.'2 Con- tals of GaN. These crystals were grown by means of a high-
cerning these applications, a fundamental problem consists pressure high-temperature method.10'0 ' They represent high
in the determination of the energy-gap value E9 and its varia- quality material characterized by a rocking curve halfwidth
tion with temperature, dEg/dT. Measurements of the absorp- of a few arcseconds. 12 They have the shape of hexagonal
tion edge position and its temperature evolution are usually plates of the thickness of about 10 um and dimensions ap-
employed for these purposes. Results of experimental studies proximately 200X200 pum 2. These crystals are slightly yel-
of GaN have brought a wide spectrum of data from which lowish. The free-electron concentration n, determined with
different values of both E. and dEg/dT were deduced. The the use of the Hall effect, for the high-pressure grown crys-
question of the origin of the reported dispersion has not been tals is typically from 5X( 1019 up to 1 × 02' cm- 3. These
posed until now. A very likely explanation for the reported values were, however, obtained during the experiments per-
spread of the experimental data can be associated with the formed on larger samples (typically of a 1-2 mm dimension.
influence of the free-electron concentration on the position of We will estimate the free-electron concentration of our
experimentally determined E. (Burstein-Moss effect). samples in Sec. V. The second type of the sample was a

Moreover, since the majority of measurements of E. and 2-/.m-thick epitaxial layer of GaN grown by the molecular-
all investigations of dE /dT have been performed on epitax- heim epitaxy method on a (0001) sapphire substrate with a
ial layers of GaN, 3 8 it might be expected that the quality of free-electron concentration of 6X102 7 cm
the used samples represents one of the effects responsible for
the dispersion of the data. The perfection of epitaxially Ill. EXPERIMENT
grown GaN layers is reduced by the lattice mismatch be- We used a 150-W tungsten halogen lamp as the light
tween the substrate and the layer of the nitride.9  source. The signal was dispersed by a single grating Spex

Additionally, depending on the substrate used in epitax- 500 M spectrometer and detected by a cooled GaAs photo-
ial growth of GaN (and resulting differences in thermal- multiplier equipped with a photon counting system. The
expansion coefficients between the substrate and layer), one sample was placed inside an Oxford Instruments continuous
can expect a different temperature dependence of the energy flow cryostat. After removing the sample, the lamp spectrum
gap in various types of samples. Employing bulk single crys- was measured. T"Iis spectrum was subsequently used to nor-
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malize obtained absorption spectra. The absorption spectra 6

were not corrected for reflection and were calculated follow- G a N
ing the expression a=(1!d)log[r(X)/T0(X)]-). Here T and ro

stand for the transmission of the optical system with and T= 0ST=80 K
without the sample, respectively, and d is the sample thick- W
ness. For high-temperature experiments the samples were 4

placed on top of a copper finger of an electrical heater, which 10 Epitaxial
enabled us to stabilize the sample temperature with an accu- , 3 layer
racy ± 1 K. bulk sample

IV. ANALYSIS OF ABSORPTION SPECTRA OF GaN o

There is no unique procedure which allows the determi-
nation of an energy gap from the measurcd absorption spec-
trum. Generally two methods are employed. In the first one o -................. ,
the value of the energy gap is determined by the wavelength 2.6 2.8 3.0 3.2 3.4 3.6
of the light for which the absorption reaches some arbitrarily Photon energy (eV)
chosen level usually related to the experimenwl limit of the
optical system. In the case when there is no visible change of FIG. 1. Absorption spectrum of GaN samples: bulk and epitaxial layer at
the shape of the absorption edge with temperature, it can be low temperature. The shift of the absorption edge is due to the Burstein-

used to determine the temperature shift of the gap. To obtain Moss effect

the absolute value of the energy gap we apply a second
method. This consists in using a physical model of the en-
ergy gap E., which represents one of the parameters describ- the epitaxial layer, the strain induced changes of lattice con-
ing the behavior of the absorption coefficient a. A compari- stants (due to mismatch between the layer and the substrate)
son of the calculated and measured variation of a with determine the observed shift of the absorption edge. To
energy makes it possible to extract the correct value of E5 . verify this suggestion, we have performed precise measure-

In the interpretation of the results we have found it nec- ments of lattice constants of both the used samples. The test
essary to take into account the fact that optical transitions gives a negative answer. The samples have practically the
observed in the experiments are from the top of the valence same lattice parameters.' 8

band to the first unoccupied state in the conduction band, i.e., The next step in our analysis was to associate the origin
to a state located around the Fermi level Ef. The higher the of such a large shift of the absorption edge with the
concentration of carriers, the larger the increase in energy of Burstein-Moss effect,' 4 which is related to different posi-
the optical transitions. Though the displacement of the ab- tions of the Fermi level. Ef depends on the free-electron
sorption edge with an increasing carrier concentration concentration of the sample under consideration. We know
(Burstein shift, Burstein-Moss effect) has been observed for that the free-electron concentration in the epitaxially grown
many semiconductors, 14'15 it has not been considered in case GaN is 6X10" cm- 3 , which causes a negligible Burstein-
of GaN. This effect can play a significant role in this semi- Moss effect. The blue shift of the absorption edge for the
conductor, where the free-electron concentration is usually bulk sample suggests that this crystal is characterized by
high. It is most probably due to the presence of a large num- higher n with respect to the epitaxial layer. Below we esti-

212ber of nitrogen vacancies., .16 One should also remember mate the contribution to the shift of the absorption edge re-
that a high electron concentration changes the shape of the lated to the Burstein-Moss effect. Figure 2 illustrates the
absorption edge. calculated Fermi energy dependence on the electron concen-

In order to define our model, we assume that the absorp- tration for GaN samples. The parabolic band approximation
tion coefficient a is proportional to the square root of energy with the electron effective mass meff=O.15 m, (Ref.19) was
(parabolic conduction-band approximation) used here. We used the following equations to calculate the

a= a 0 .(E/'-Eg), (1) Fermi energy:

where E is the photon energy and ac is an energy indepen- 2 F .y dy
dent parameter.' 7  n-rN "j 0 e )l-' (2)

where ; is the reduced Fermi energy Ef/kT and y is equal to

E/kT. E is the electron energy above the conduction-band

V. RESULTS minimum, and N is given by

Figure 1 shows experimentally obtained absorption spec- m*kT\ 3/2

tra of the epitaxial layer and the bulk single crystal of GaN. N= 2 -i • (3)

The presented spectra exhibit a sample dependent position of
the absorption edge. The first hypothesis of a possible expla- From Eqs. (2) and (3) we obtained the electron concentration
nation of the above finding consists of an assumption that in as a function of the Fermi energy, which gave us Ej~n).
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FIG. 3. Absorption edge of epitaxial layer of GaN at 20 K. Solid line
FIG. 2. Fermi energy in the function of electron concentration calculated in represents a square-root-like theoretical shape of the absorption edge with
parabolic band approximation with m*=0.15m_. the background line.

The parabolic conduction-band approximation should be for the other three bulk samples of GaN between 10 and 300
adequate in the wide band-gap semiconductor like GaN. One K. In the considered temperature range they exhibit behavior
can notice that for n higher than about 5X1011 cm- 3, the Ef identical with the single-crystal sample illustrated in
value increases considerably. In addition, for small n a varia- Fig. 4(a).
tion of Ef is strongly temperature dependent. We apply the
relation shown in Fig. 2 to evaluate n for the GaN bulk VI. DISCUSSION
sample. The shift of the absorption edge (Burstein shift) of
the bulk sample related to the epitaxial layer (E1 -0) is about The energy-gap temperature dependence is visually de-
90 meV, from which we obtained n = 8 X 101s cm- 3. The scribed by the equation
lower value of n, compared to the results obtained by means yT 2

of the Hall effect on larger samples (between about 5X 1019  Eg=IEg(0 ) T (4)
to IX 1020 cm- 3), is probably related to the different electri-

cal properties of the small and large samples. Absorption where E,(0) is the energy gap at 0 K; 3 is sometimes asso-
edge values determined for the other three single crystals of ciated with the Debye temperature; and y is an empirical
GaN are given by energies which differ from this deduced constant. This form of the temperature dependence of the
for the bulk sample illustrated in Fig. I (not more than ± 15 energy gap was proposed by Varshni 20 and this expression
meV). Thus, an estimation of the electron concentration for has been later successfully applied to describe Eg(T) in
the other bulk samples leads to values of n between about many semiconductors. For example, in GaAs the experimen-
7X 10i' to 1.5X 1019 cm-3. tal value of f6 is 300 *K, which is very close to 344 "K which

In Fig. 3 we show the absorption edge of the epitaxial is the Debye temperature calculated from elastic constants. 2
1

layer. As for this sample, the Burstein-Moss effect is not For GaN there were few measurements of the tempera-
present; we could perform here the best fit to the model of ture dependence of the energy gap. We summarize them in
the square-root dependence of the absorption edge [Eq. (1)]. Table I. Linear coefficients of Eg(T) obtained by various
In this model background absorption was also included as a authors differ considerably. Even more scattered are nonlin-
straight line. We can see that actual absorption is very well ear parameters of the Varshni equation. For example,
reproduced by the theoretical model (solid line). Finally, we Monemar obtained a negative value for P3 in Eq. (4). In our
obtained Eg=3.427 eV at 20 K. experiment we obtain 13=745 for bulk crystals and P3=772

In Fig. 4(a) we show the absorption spectra of GaN for for the layer. Both these values are very close to 600 K,
various temperatures. We can observe the blue shift of the which is the estimated Debye temperature for GaN.22
absorption edge with decreasing temperature. A very small In our experiment we observe a larger negative tempera-
change of the slope of the absorption edge can be observed ture coefficient for the bulk crystal than for the epitaxial
for the bulk crystal [Fig. 4(a)] but there is no such effect in layer. We believe that the main difference between these two
the case of the epitaxial layer [Fig. 4(b)]. The temperature samples lies in different free-electron concentrations. If for
dependence of the absorption edge for two different samples the bulk crystal we compare, using Fig. 6, temperature varia-
is represented in Fig. 5. This dependence is strongly nonlin- tions of the Burstein shift of the absorption edge and the
ear and slightly steeper for the bulk sample. We have also Fermi energy, we see that hey behave qualitatively in the
measured the temperature variation of the absorption spectra same way. Moreover, one should remember that at higher
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"439 K
15000 - which should be mentioned here, namely, a difference be-o 210 K •

2•1-Ktween thermal-expansion coefficients of the GaN layer on a

10000 2 sapphire substrate with respect to the bulk crystal. There are
o1 no experimental data which would make it possible to accept
W or eliminate this possibility. The assumption that the layer

"experiences the same thermal expansion as a sapphire sub-
strate (which is about 10% larger than that measured for

0 GaN22) gives for the epitaxial layer a stronger variation of E.
2.5 3.0 3.5 with temperature than that obtained for the bulk crystals. The

(b) Photon energy (eV) experimentally observed effect is opposite. Moreover, one

FIG. 4. (a) Absorption spectra of GaN bulk single crystal for various tern- should remember that all studied layer of GaN have thick-
peratures. Visible oscillations are due to the interference of light in the nesses larger then the critical one and thus they are relaxed
sample. (b) Absorption spectra of GaN (epitaxial layer) for various tempera- by dislocations. Therefore, the change of the lattice constant
tures. Visible oscillations are due to the interference of light in the sample. of the substrate does not have to change the lattice constant

of the layer in an identical manner.
Finally we would like to discuss the problem of the con-

temperatures there are more empty states available below the tribution of different mechanisms to the temperature depen-
Fermi level. Thus, in the bulk GaN sample, rising tempera- dence of the energy gap. One of them is a simple change of
ture results in the additional red shift of the absorption edge. lattice parameters which also occurs when pressure is applied
Since the latter effect was not taken into account in the cal- to the sample. The second mechanism is related to the
culations of E9 versus temperature, it may explain discrep- phonon-electron interaction. Both these mechanisms should
ancies seen in Fig. 6. We should stress here that for the bulk lead to a linear dependence of the energy gap with tempera-
samples which have a high free-electron concentration ture for sufficiently high temperatures, i.e., above the Debye
(lX 1 0 '9 cm-'), the Burstein shift is also observed at low temperature.23 This relation can be expressed as follows:
temperature (4 K). (This fact is additionally confirmed by AE=aaTPr. (5)
our electron-transport experiments.) This indicates that the
sample is above the Mott transition. Here a is the deformation potential of the gap, ar the volume

There is a substantial disagreement between the data on expansion coefficient, and PT the thermal coefficient result-
dE,/dT given by several authors. It seems that one reason ing from the electron-phonon interaction.
for this can be the different electron concentrations in studied At high temperatures, Eq. (5) is equal to yT as defined in
samples and consequently, the influence of the Burstein shift Eq. (4). Thus, applying values of a = - 11.5 1 eV 24 deter-
on the interpretation of the experimental results. Determina- mined for the bulk GaN and aT=11.5X10-6 K-' (Ref. 22)
tion of the nonlinear term in Eq. (4) requires measurements measured by the x-ray powder diffraction method, we obtain
in a wide temperature range. Otherwise, a precision of its PT=8.07X10-4 eV K-'. We can see that the thermal expan-
determination is rather poor. There is also another problem .-ion is responsible for only about 14% of the observed effect.
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TABLE 1. Energy gap of GaN and its temperature dependence.

Linear

temperature

dE coefficient Nonlinear temperature
Sample 8 (T = 300 K) coefficients of Eq. (2)

type Exp. method (10- CVI.) V (10-' eV/K) P9 (K) Reference

epitaxial on luminescence -5.32 +5.08 -996 Monemar1

sapphire
epitaxial on absorption -4.8 rot not Pankoveb

sapphire determined determined
epitaxial on absorption -6.7 not not Camphausen'
sapphire determined determined
epitaxial on luminescence -4.0 -7-2 +600' Ilegemsd
sapphire
epitaxial on absorption -4.5 -9.39 +772 present work
sapphire
bulk samples absorption -5.3 -10.8 +745 present work

'Reference 4.
bReference 5.

"Reference 3.
dReference 6.
eFitted with Eq. (4) with the 3 parameter fixed at 600 K.

VII. SUMMARY 600 K). This dependence is sample dependent and a decrease

The performed measurements of the optical absorption Eg with temperature is stronger for the sample with a

in different samples of GaN have enabled us to point out the higher electron concentration. The latter behavior can be
nimoretsa m of the free-carrier contribution to the obsed qualitatively explained by the temperature dependence of the
importance of the arp tion to thepre served Burstein-Moss effect. For the sample with a negligible con-

tribution due to free electrons, the linear temperature coeffi-
Burstein-Moss effect, which is well known from studies of cient of the gap is -4.5X10 4 eV/K at 300 K.
"other semiconductors. This effect gives the main contribution In addition, we observed a strongly nonlinear change of
to the scatter of values of Eg estimated by different authors. dE9 with temperature even at relatively high temperatures.
We have also determined the temperature dep'endence of the This occurs in the range where, for example, the GaAs crys-
absorption edge of GaN in a wide temperature range (10- tal shows a practically constant dEg/dT. The observed effect

can be correlated with the high Debye temperature of GaN
(about 600 K, in comparison with 300 K for GaAs).

100 In I-I I -- I I I A C KNOW LEDG M ENTS

60 The authors (H.T., P.P., T.S., I.G.) would like to ac-
70 E • knowledge financial support from the Polish Committee of

-' 70 •Scientific Research (Grant No. 30068 91 01 and Grant No.
S• 066949305). Work at Boston University was supported by

Q 60 •the Office of Naval Research (Grant No. N00014-92-J-
S 50  1436).

S40
F• F. Davis. Proc. IEEE 79, 702 (1991).

30 :J. H. Edgar. J. Mater. Res. 7, 235 (1992).
LD . Camphausen and G. A. N. Connell, J. Appl.'Phys. 42, 4438 (1971).

20 4B. Monema ar, Phys. Rev. B 10, 676 (1974).
-J. I. Pankove, J. Lumin. 7, 114 (1973).

10 6M. illegems, R. Dingle, and R. A. Cogan, J. Appl. Phys. 43, 3797 (1972).

'M. Illeg-ms and R. Dingle, J. Appl. Phys. 44, 4234 (1973).
0 I 0. Lag..stedt and B. Monemar, J. Appl. Phys. 45, 2266 (1973).

0 100 200 300 400 500 600 9K. Itob, T. Kawamoto, H. Amano, K. Hiramatsu, and 1. Akasaki, Jpn. J.

Temperature (K) Appl. Ph. 30, 1924 (1991).
r.os Porowski. 1. Grzegory, and J. Jun, in High Pressure Chemical Synthesis,

edited by J. Jurczak and B. Baranowski (Elsevier, Amsterdam. 1989), p.

FIG. 6. Calculated temperature dependence of the Fermi energy in the bulk 21.
crystal of GaN (solid line) in comparison with the experimentally deter. I. Grzegrv, 1. Jun, St. Krukowski, M. Bockowski, and S. Porowski,
mined shift of the absorption edge (filled squares). Physica B 185, 99 (1993).

J. Appl. Phys., Vol. 76, No. 4, 15 August 1994 Teisseyre et al. 2433



'M. Leszczynski. I. Grzegory, and M. Bockowski, J. Cryst. Growth 126, 19,M. Fanciulli, T. Lei, and T D. Moustakas. Phys. Rev. B 48, 15144 (1993).
601 (1993). 3'Y. P. Varshni, Physica 34, 149 (1967).

13T. Moustakas, T. Lei, and R. J. Molnar, Physica B 185, 36 (1993). 2'Numerical Data and Functional Relationship in Science and Technology,"14E. Burstein, Phys. Rev. 93, 632 (1954). edited by 0. Madelung, M. Schulz, and H. Weiss, Landolt-B6mstein. New15 M. Bugajski and W. Lewandowski, J. Appl. Phys. 57, 521 (1985). Series, Vol. 17 (Springer, Berlin, 1982).
'('D. W. Jenkins, J. D. Dow, and M.-H. Tsai, J. Appl. Phys. 72, 4130 (1992). M. Lszczynski, T. Suski, H. Teisseyre. P. Perlin, 1. Grzegory, J. Jun, S."J1J. 1. Pankove, in Optical processes in semiconductors (Prentice-Hall, -or zyski, T. D uski, (unubished).

Englewood Cliffs, NJ, 1971). Porowski, and T D. Moustakas (unpublished).
18From our measurements we obtained a =3.18942±0.00010 and 23A. Haug, in Theoretical Solid State Physics (Pergamon, New York. 1972),

c=5.18564:0.00008 for the bulk crystal and for the epitaxial layer we p. 52.
obtained a=3 18709:0.00026 and c=5.18574±0.00013 (T=300 2 P. Perlin, 1. Gorczyca. N. E. Christensen, 1. Grzegory, H. Teissevre, and T.
K). Suski. Phys. Rev. B 45. 13307 (1992).

2434 J. Appl. Phys., Vol. 76, No. 4, 15 August 1994 Teisseyre et al.


