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The current status of GaN crystal growth using the Sublimation Sandwich Technique is discussed in
the paper. We use modeling to analyze gas dynamics in the reactor and the supply of the main
gaseous species into the growth cell under growth conditions used in experiments. Important
features of growth process — non-equilibrium cracking of ammonia, partial sticking of ammonia at
the growing surface and kinetic limitation of GaN thermal decomposition — are taken into account
in the model. Growth is carried out on sapphire and 6H-SiC substrates in ammonia atmosphere using
a Ga/GaN mixture as the group-lll element source. Single crystals of GaN of si¥g ri and

up to 0.5 mm thick are normally grown with the optimized growth rates of 0.25-0.35 mm/h. The GaN
crystals are characterized by photoluminescence, by the Color Cathodoluminescence Scanning
Electron Microscopy technique, by differential double-crystal and triple-crystal X-ray
diffractometry, and by electron paramagnetic resonance. Mechanisms of sublimation growth of GaN
and physical limitations of the growth process are discussed.

1 Introduction 2260 C. That is the reason why the temperature range of

Homoepitaxy on GaN substrates is one of the successfliP50-2250C is normally used for sublimation growth
ways of fabricating device-quality nitride-based het-0f AIN. As a result crystals up to 1 mm thick with the
erostructures. To get such substrates, bulk GaN crystagéze of 1610 mm can be obtained by this technique.

of an appropriate size are necessary. Nowadays three In contrast to the case of AIN the nitrogen pressure

techniques can_be regarded as promising to obtain Ga(I)\{/er GaN under practical growth conditions (tempera-
bulk crystals- High Pressure Crystal Growth [1], Chlo- tures ~1000C) lies between ~10 and ~100 bars. Vapor-

ride Hydride Vapor Phase Epitaxy (especially in combi-.__ . .
nationywith Iatgral regroth) {2]( aF\)nd SL)J/inmation ization of GaN at high temperatures is congruent only

Sandwich Technique [3]. The latter has been initiallyunOIer Langmuir conditions (free evaporation in vac-

developed for growth of high-quality SiC crystals anduum). .[7].At higher pressures (i.e. closer to equilibrium
then applied to group-Ill nitrides, first of all, to GaN conditions) evaporation of GaN becomes non-congruent

[4]. Recently the sublimation technique also succeede@nd iS accompanied by liquid Ga accumulation on the
in growth of large size AIN crystals [5]. surface. As a result molecular nitrogen dominates in the

The sublimation technique is one of the traditionalvapor phase. However, because of extremely low chemi-
ways to grow bulk AIN crystals [6]. This is possible duecal reactivity of N on GaN surfaces, growth of GaN
to congruent evaporation of this material at high temperunder these conditions does not occur. Hence external
atures providing nearly stoichiometric composition offlow of nitrogen-containing reactive species is required

the vapor phase. The pressure of the main species (fd initiate the growth process. The best choice of such
and N) over a AIN surface reaches ~1 atm only atspecies in all respects is ammonia.
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Apparently first free-standing GaN crystals of con-specific cases to that of GaN epilayers obtained by
siderable size have been obtained by growth from th#letal-Organic Vapor Phase Epitaxy (MOVPE) or
vapor phase in [8]. In this work synthesized GaN pow-Molecular Beam Epitaxy (MBE). The advantages of this
der was heated in dry NHlow at 1150-120%C for 24  technigue — high growth rate, use of the simplest
hours. This resulted in growth of GaN crystals of a neesource species, high yield of the growth components,
dle shape and of sizex5 mm. The author of [8] con- high crystalline quality of growth material — were
cluded that growth of GaN occurs via sintering althougtfound to be potentially promising for development of
the contribution of the physical vapor transport seems téommercial GaN bulk crystal growth technology. For

be also important under these conditions. that reason SST has become popular and is now being
Growth of GaN using ammonia passing over liquiddeveloped in various research centers [3], [19], [20].
gallium was carried out at 1000-1F&Din an open or In this paper we consider the current status of the

partly closed quartz ampoule [9]. In the latter casg NH Sublimation Sandwich Technique, the mechanisms of
was supplied to a boat with liquid Ga through a smalGaN growth, specific features of the growth process,
orifice of 1 mm in diameter that provided diffusion lim- and results of characterization of the grown crystals.
ited growth conditions. GaN was deposited on the wall$oth experimental data and numerical modeling are
of the ampoule in the form of whiskers, needles, plateused for analysis of the growth process. Problems to be
lets etc. It was concluded in Ref. [9] that the GaN cryssolved in the nearest future are discussed as well.
tals had been grown from the vapor phase containin
atomic gallium and ammonia. In addition it was also
shown that raising the growth temperature made it pogsaN crystals are grown in a tubular quartz reactor with
sible to increase the size of grown GaN crystals [10]. radio-frequency heating (simplified scheme of the reac-
Detailed study of mechanisms of GaN crystalliza-tor is shown in Figure 1). The growth process is carried
tion due to reaction of Ga vapor with ammonia was carout in ammonia flow passing over and through the
ried out in Ref. [11]. A wide range of temperature, 825-growth cell placed inside the reactor on a graphite sus-
1010°C, and NH pressure, 0.3-2.5 mbar were used forceptor. Both horizontal and vertical configuration of the
growth, and prismatic GaN crystals appeared in théeactor are used. The horizontal configuration provides a
reactor. The largest crystals (up to 2.5 mm long) werdhore effective supply of ammonia in the growth cell, the
formed on SiC or GaN seeds. These crystals had th¢rtical one is more suitable for longer process duration.
electron concentration n~ibeni3 with a mobility of Before growth, the reactor is evacuated to a pressure of
100 cn?/V-s. Ie_ss than 18 torr e_md then purged by ammonia for 10
i to remove residual gases (first of all, oxygen).
crystals in GaNHs system without seed or substrate  1he growth cell consists of a Ga source and sub-
Iset{a_lte, both forming a "sandwich" where transport of the

were not successful. In the best case, needle or plate .
. . . main growth species (Ga and B)Hbccurs. The growth
crystals were obtained but their lateral size was very far

from desirable. In Refs. [4], [12], a principally different cell is placed in a tem_perature—gradlent zone, SO that
scheme of growth process was proposed (see Figure 1}€ré appears a certain temperature differend&
which came to be known as Sublimation SandwicHP€tween the source and the substrate. This temperature
Technique (SST). In this method the source of Ga vapdiifference serves as the driving force for Ga transport
and the substrate were separated by a clearance of sitside the growth cell and GaN crystallization on the
eral millimeter forming a growth cell. This growth cell Substrate. Normally the distanag between the source
was placed into a temperature-gradient zone to initiat@"d the substrate (clearance) is varied from 2 to 5 mm
material transport from the source to the substrate. Tb): Témperatures of the source and substrate are con-
provide a supply of reactive nitrogen into the growthtrolled by W-Re thermocouples.

cell, the cell was purged by ammonia flow. One of the A mixture of liquid Ga and GaN powder is usually
advantages of this scheme was an ability to intensifyised as the source of gallium. The experiments show
mass transport in the growth cell due to decrease of tHBat use of pure Ga as the source provides maximum
clearance between the source and the substrate. Theg#owth rates but results in poorer temporal and spatial
with not only high growth rates (up to 1 mm/h) were Stability of source operation. In turn, use of pure GaN
achieved but also complete (without losses) transfer dpowder leads to partial decomposition of the source
the source material to the substrate was attained [13]aterial into the liquid (Ga) and vaporgl\phases start-
Characterization of the GaN crystals grown by SST pering immediately after the beginning of the growth pro-
formed by different groups [14], [15], [16], [17], [18] cess. Again, in this case growth proceeds mainly from
had shown high quality of the material, comparable irthe mixture of liquid gallium and GaN.

g Experiment

Therefore attempts to growth free-standing Ga
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Both sapphire and 6H-SiC(0001) Si and C faced ar§21] that homogeneous cracking of ammonia is negligi-
used as the substrates. SiC substrates are etched in KOl up to temperatures as high as T0)0Based on the
melt at the temperature of 48D to remove a damaged experimental data of Ref. [22] three-phase equilibrium
surface layer arising from grinding and to determine th€between solid GaN, liquid Ga and vapor phase) is
polarity of the substrate. Then SiC substrates are boileglssumed to be established at the surface of the source.
in a diluted solution of acetic acid, and after that isStoichiometric incorporation of gallium and nitrogen
rinsed in deionized water. into the growing GaN crystal is also assumed.

Growth of GaN crystals is carried out at atmospheric We make one more assumption: that growth of GaN
pressure in the temperature range of 1000-130The  on the substrate occurs under mass transport limited
temperature difference between the substrate and tlenditions, i.e. that adsorption and desorption of gas-
source is varied from 2Q to 100C. The inlet ammo- eous species are the stages that limit the growth rate. In
nia flow rate of 150-850 sccm is maintained during thehis case, surface processes can be described using the
growth process. GaN crystals 70-8Qdn thick are quasi-thermodynamic approach similar to that devel-
grown with deposition time being between 5 and 12M®@ped recently for analysis of MOVPE growth of group-
min. The typical size of the GaN crystals obtained idll nitrides [23]. According to this approach, the kinet-
0.5x15x15 mm. A number of crystals of sizex5 mm  ics of molecular nitrogen evaporation from the surface
are also grown with somewhat lower thickness. Growtof GaN is accounted for by a temperature dependent
rate is varied from 0.1 to 1.1 mm/h. The crystals of bessticking coefficient extracted from the experimental data
crystalline quality are obtained with growth rates ofon GaN free evaporation in vacuum [24]. The tempera-
0.2-0.4 mm/h. A photo of a typical GaN crystal grownture independent sticking coefficient of ammonia is
by SST is given in Figure 2. A dark area in the center ofaken from Ref. [25].
the crystal is proved to be attributed to Ga droplets accu- Shown in Figure 3 is the geometry of the growth
mulated at the interface between sapphire and the Gafgactor of vertical configuration and the distribution of
layer. The appearance of the Ga droplets at the initidhe ammonia concentration over the reactor (the temper-
stage of growth is discussed in Section 4.4. The non-un@ture distribution and gas flow pattern in the reactor are
form distribution of droplet density over the sample isgiven in Figure 4 and Figure 5 respectively). One can
related to lowering of V/III ratio at the center of sub- see that the Nklconcentration significantly decreases
strate (see the next section). while gas flows from the inlet of the reactor (where pure

The grown GaN crystals are characterized by Halemmonia is supplied) to the growth cell. Actually, the
measurements of carrier concentration and mobilityygle fraction of ammonia falls to 5-%¢L-102 inside
room-temperature photoluminescence, by the Colofhe cell. The reason for this behavior becomes evident
Cathodoluminescence Scanning Electron Microscopyom Figure 6 where the 2D-distribution of concentra-
technique, .by differential double-crystal and tnple—cry;—tions of the main gaseous species (Gagldhd H) in
tal X-ray diffractometry, and by electron paramagneticy, growth cell is plotted. A specific feature of the subli-

resonance. mation process is accumulation of molecular hydrogen
3 Modeling of GaN growth by inside the growth cell. Since homogeneous chemical
Sublimation Sandwich Technique reactions are not accounted for in the model, generation

To analyze in detail the gas-flow dynamics in the reacto?f Hy is related entirely to heterogeneous reactions pro-
and the concentration distribution of the main gaseou§e€ding on the surfaces of the substrate and the source.
species we use a numerical simulation of the growttl € mole fraction of Hin the growth cell exceeds 93%
process. The mathematical model applied is based @0 that it displaces the other species. This effect not
the Navier-Stokes equation and includes the conservanly hinders the supply to the growth cell of ammonia
tion equations for momentum, mass and energy as webut also favors the appearance of a lateral non-unifor-
as boundary conditions accounting for heterogeneouity of V/lll ratio and GaN growth rate. In the particular
chemical reactions both on the surfaces of the souragase plotted in Figure 3 and Figure 6, the concentration
and the substrate. It is assumed that gas flow in the reaef Ga near the surface of the substrate increases by a
tor is axisymmetrical. This allows us to perform two- factor of 1.3 from the center to periphery (the diameter
dimensional modeling analysis of the growth processof substrate is 30 mm) while the concentration okMNH
Experimental data are employed to preset the tempergie edge of substrate is approximately two times greater
ture profile at the surface of quartz tube. than that at the center. Correspondingly thesi&d

Transport of four gaseous species gfNH\, , Hy ,  ratio is equal to ~35 at the center of the substrate and to
Ga) is considered without taking into account homoge=50 at the periphery. Therefore the results of modeling
neous chemical reactions between them (it is shown ishow that further optimization of the ammonia supply is
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necessary in the vertical reactor to provide more uniean be provided by evaporation of the remained GaN

form NHy/Ga ratio distribution over the growth surface. powder. Apparently under conditions used in [26] the

In the horizontal reactor the NKsa ratio non-unifor- €vaporation of GaN is congruent, and it is expected to be

mity is related to depletion of the gas flow by the reacSUPPressed by the ammonia atmosphere in the reactor.

tive species that can be diminished by substrate rotatiod" this case, the growth rate of GaN on the substrate
The growth rate calculated for a substrate temperas_hould drop compared to that at the initial stage of the

ture of 1156C and temperature differencsT of 5¢C ~ 9rowth process.

is equal to ~ 0.um/h . This value is 8-10 times less than In contrast, in our experiments (typical temperatures

the experimental value of the growth rate measured foire¢ ~1100-125TC) the GaN powder in the source evap-

these growth conditions. This remarkable discrepanc@rates incongruently, i.e. with decomposition into the

between the calculated and measured growth rates of tHguid and vapor phases. As a result, no deficit of the

GaN crystal shows that traditional mechanisms of G¥olatile species is observed — the growth process con-

transport (diffusion and convection) can not explaintinues almost up to the moment of complete evaporation

experimental observations. In more detail this questiof the source material.

is discussed in the next section. 4.2 Transport of gallium between source

and substrate

Comparison of theoretical and measured data shows that

In this section we discuss the mechanisms controlllnghe experimental growth rate systematically exceeds the

the process of GaN growth by SST and factors IImItIngcalculated values at least by a factor of ten. This implies

the ngt.h rate. _The hature of abnormally high Ga trans’t'hat the mechanism of Ga transport is different from that
port rate is considered as well.

accepted in our calculations. Another evidence of a spe-
4.1 Congruent and incongruent evapora- cific mechanism of Ga transport is provided by Figure
tion of the source material 7, where the dependence of GaN growth rate on the
First of all we discuss the difference in the growth proclearancel between the source and substrate is plotted.
cess observed in our experiments and in the experimenfisis seen from Figure 7 that growth rate decreases more
of Ref. [26]. In [26] growth of GaN was carried out atrapidly than 1d as one could expect assuming that dif-
lower temperature (~1030). After 3 hours growth rate fusion is the prevailing mechanism of transport. These
dropped drastically, and the growth process could not bgcts stimulated us to carry out a special investigation of
restored with the same source material. Basing on masse Ga transport in the sandwich system.

spectrometry investigation of the source material the \we measure the Ga transport rate in the sandwich
authors of [26] concluded that grOWth of GaN prO‘System under various conditions:

ceeded for the first 3 hours via transport of some volatilg) i argon atmosphere at a pressure of 1 atm (resistive
species such as GaNH or G#N Complete evaporation heating of the susceptor)
of these species from the source (apparently taking) in ammonia atmosphere at a pressure of 1 atm

place after 3 hours of growth) resulted in the drop of thgradio-frequency heating of the susceptor), and
growth rate.

We think that transport of gallium observed in [26]

during the first 3 hours occurred through a number o .
9 g Jn the first two cases the Ga transport between the

volatile species containing, along with the Ga and source and the substrate is expected to occur via diffu-
atoms, oxygen and carbon. This assumption is supporteé’ P

by the fact that in the mass spectrum shown in Figure gion and convection, while in the latter case, it should be
of [26] the dominating species are N (14)CH(18), Ny of free-molecular character. Results of this study are

summarized in Figure 8.
or CO (28), Ar (40), CQor N,O (44). The masses 84/

_ _ It is seen in Figure 8 that all experimental points
85 and 96/98 attributed in [26] to GaNH and GEN  gpiained are bordered by two calculated lines. One of

can be alternatively associated with GaCH3 or GaO anghe lines corresponds to pure diffusion of Ga from the
GaCN or GaCo respectively. The heaviest mass, 17%ource to the substrate. Another one describes free evap-
observed in the spectrum may be the,@aradical. I oration of Ga in vacuum (actually this curve represents a
addition to all these species, the contribution to growttphysical limit for the evaporation rate). Both lines have
of liquid gallium (69/70 masses in the mass spectrumpearly an equal slope. In experiment the gallium flux
has to be taken into account as well (the micro-dropletmeasured in Ar atmosphere (under resistive heating of
of gallium could be trapped into the source material dursusceptor) corresponds exactly to the Ga transport by
ing the preparation procedure [21]). After these speciediffusion. At the same time experiments on free evapo-
are consumed, the gallium supply at the growth surfacetion of Ga in vacuum and the measurements carried

4 Mechanisms of GaN growth

iii) under low background pressure of <4@tm (resis-
ive heating of the susceptor).
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out under the actual growth conditions (Nitmo- ness of the ammonia supply into the growth cell. Actu-

sphere) give nearly identical results which are less blly, this coefficient can be defined as the product of the
the factor 30 than the calculated evaporation rate of GAmmonia sticking coefficient on GaN surface [25] and
in vacuum. the ratio of NH partial pressure inside the growth cell
To understand this abnormally high rate of Ga transto its partial pressure at the inlet of the reactor. Then,
port between the source and the substrate we considéging the quasi-thermodynamic approach similar to that
three effects: proposed in Refs. [23] and [24], we can calculate the
) gas convection in the growth cell enhanced bydrowth rate of GaN in a sandwich system.
hydrogen generation at the surface of the source due to Figure 9 shows the temperature dependence of the
NH3 cracking, growth rate calculated fa&dT = 80’C, ammonia partial

ii) multiple channel desorption of Ga (via gaseous comPressure of 1 atm at the inlet of reactor, and different

pounds with hydrogen and other possible species), ar“ilalues of (I;;;: . For comparison, experimental data are
iii) generation of Ga droplets at the surface of the sourcﬁlotted in this figure corresponding to selected growth

followed by their transport to the substrate. conditions. One can see that good agreement between
Actually, the effect of convection is accounted for

while modeling the growth process. but it does not prothe theory and experiment is achieved a;;: =110
vide the observed values of growth rate. To estimate the e

effect of multiple channel desorption we consider addi-The value of ¢z, estimated on the basis of 2D-calcu-
tional formation of GaH, Gajland GaH at the surface lations (see Section 3) for these growth conditions lies in

of the source as well as of the adduct GayNIAs a  the range of 2.16—4.10%

result, the contribution of these species to Ga desorp- It was already mentioned in Section 3 that the supply
tion from the source was found to be negligible. Theto the growth cell of ammonia is far from optimal.
role of other gaseous species (probably formed duringnder ideal conditions all the ammonia arriving at the
preparation of the source material) is excluded by expeinlet of the reactor is transported to the substrate. In this
iments carried out with pure liquid gallium. Therefore, me

the first two possible reasons for abnormally high rate ofase % is equal to the Nidticking coefficient, i.e.

Ga transport cannot explain properly the experimentad.04 [25], and the estimated maximum achievable
observations. Thus, the most probable origin of the higlgrowth rate is equal to 15-20 mm/h.

Ga transport rate is related to droplet generation. Thg4 Growth window for the Sublimation

nature of this effect is assumed to come from the quui%’ dwich Technique

surface instability. In turn, the instability can be cause an S

by different factors — axial temperature gradient in thel '€ estimation of the GaN growth rate made above
growth cell directed opposite to the gravity force: lateraf@kes into account only I|m|tat|ons related to the rate_ of
temperature gradient inducing Marangoni convectiof>2 transport to the growing surface. At the same time
near the surface of the liquid; nucleation of GaN micro-c_’th_er _factors can be important introducing additional
crystals near the walls of the growth cell resulting in dimitations on the growth process. Among these factors
foam-like material formation [21], etc. At the moment &€ formation of liquid Ga on the growth surface, failure
there it is not possible to select the only reason for th8f €pitaxial growth resulting in polycrystal formation,

instability so that the nature of the high gallium trans-Surface morphology degradation, etc. Obviously, the
port rate remains not completely understood. impact of these factors depends on the chosen growth

conditions.

As was already mentioned, key parameters of the
o . ) _growth process are substrate temperatdre and the
Of a special interest is the question of what maximumemperature difference between the source and the sub-
growth rate can be achieved using SST. To estimate thgrate AT . In addition, the flow rate of ammonia can be
maximum achievable growth rate we develop a simplizasijly varied while keeping constant pressure in the
fied model where transport of Ga considered as collipggctor. Analyzing a large number of experimental data
sionless with the correction coefficient"2"*=0.03, we can conclude that there exists some "growth win-
accounting for the difference between the Ga flux calcudow" in coordinatesAT-T where single GaN crystals
lated for free evaporation in vacuum and the experimercan be obtained (see Figure 10). Beyond this window
tally measured value. Another parameter of the model igarious factors interfere with growth. Indeed, the bound-

e aries of the "growth window" are not definitely shaped,

the coefficient %m;  which accounts for the effective-and they indicate some transition regions rather than a

4.3 Physical limitation of GaN growth rate
in Sublimation Sandwich Technique
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sharp line corresponding to drastic change in the growth Figure 11 a shows a CL image micrograph of the
mode. That is why the diagram shown in Figure 10 has;ross-section of a GaN crystal grown directly on a sap-
first of all, a qualitative character. phire substrate. It is seen that a defective layer (~ 10-15

One can see from Figure 10 that at high temperaturiém thick) with yellow luminescence appears at the ini-
and/or highAT growth of GaN is interfered with by lig- tial stage of growth. Then it gives a way to material of
uid droplets formation on the surface. This results ifhigher quality emitting in the UV spectral range (dark
surface morphology degradation, the appearance of Gdea in the micrograph). Notice the sharp change in
inclusions in the crystal and a considerable rise in matéhaterial quality that is evident from the change of domi-
rial defects. It is interesting that a forerunner of this pronating emission wavelength. Further examination of the
cess is the formation of liquid Ga inclusions at thegrown GaN crystal by the X-ray technique shows that
interface between the substrate and the grown GaN crygear the boundary between the high-defect density and
tal (such inclusions are absent in the bulk of the cryslow-defect density layers, the density of threading dislo-
tal). The photo of the GaN crystal shown in Figure 2cations decreases due to their bending.
corresponds to just this situation. Ga droplets at the Using a GaN buffer layer accelerates the formation
interface are found by inspection through transparer®f the good quality crystal. Figure 11b shows a CL
sapphire substrate in an optical microscope. The appedmage of a GaN crystal grown on a GaN layer (~|8vb

ance of the liquid phase can be suppressed by incred$ick) which was grown beforehand on a sapphire sub-
ing the NH, concentration in the growth cell. strate by MOVPE. One can see from the figure that the

GaN crystal formed by SST is less defective than the
eMOVPE buffer layer, which exhibits the yellow band
emission.

At low substrate temperature, epitaxial growth of
GaN fails, and instead of a single crystal, polycrystallin

material is observed to form. I
At | AT th I i te at th We also compare the initial stages of GaN growth on
ow € gallium €evaporation rate at the sapphire and SiC substrates. Figure 11c shows the CL

source becomes comparable to the gallium re-evaporﬂhage of GaN grown on SiC(0001) Si-face surface. It is

tion rate at the growing surface. In this case growth fal€een that no yellow luminescence is observed in the lat-

decreases that results in islanding of the grown materi?ir case even in the area adjacent to the substrate
~ the epitaxial layer becomes broken, and roughness fhstead, blue emission located at the crystal-substrate

.the. surface dgrl(adua}lly1_ci elvelopr;s : Iflsupjt;jate Itemperaturiﬁterface is revealed by CCL-SEM. We can speculate
Is increased, keepingT low, then liquid droplets start that the possible origins of the blue luminescence are

to form on the surface, and growth of GaN fails again. residual oxygen accumulated at the interface which then

A similar "growth window" can also be found for penetrates into the GaN crystal along microcracks, or
ammonia ﬂOW rate. At |0W ﬂOW rates thel’e iS a def|C|t Ofelastic Strain re'ated to the tW|n and inversion domain

NH3 in the growth cell resulting in Ga droplet forma- poyndaries.

tion. An increase of the ammonia flow rate initiates  Use of SiC(0001) C-face surfaces for growth of GaN
growth of numerous needle crystals on the substrate. Afoes not give good results: the morphology of the GaN
the same time, inside the "window", growth of singlesurface degrades very quickly. Such differences in the
GaN crystal takes place. quality of GaN crystal grown on Si- and C-faced SiC
surfaces can be understood from the fact that the face of
SiC surface determines the polarity of the grown GaN
An interesting feature of SST is that no special buffercrystal. According to Ref. [28], the formation of Si-N
layer is required to grow GaN crystals of good quality.bonds on SiC(0001) Si-faced surface is thermodynami-
To study the initial stage of growth we apply the Colorcally favorable as well as formation of C-Ga bonds on
Cathodoluminescence Scanning Electron MicroscopysiC(0001) C-faced surface. Since GaN grows in 2D-
(CCL-SEM) technique [27]. This method is based onmode via lateral spreading of the Ga-N bilayer, the ini-
visualization of luminescence locally excited by an electial Si-face of SiC surface provides a Ga-face surface of
tron beam at the cleaved plane of the grown crystal. It igrown GaN crystal. It is well known that such a surface
believed also that the yellow emission band (~2.5 eV) ins smooth when growing GaN by any epitaxial tech-
GaN is evidence of defective material. On the otheniques (MOVPE, MBE, HVPE) [29]. In contrast, an N-
hand luminescence of high-quality GaN lies in the ultraface GaN surface resulting from the initial C-face of SiC
violet (UV) spectral range, and therefore it is repro-surface is rough and exhibits 3D pyramidal features. In
duced as a dark area in cathodoluminescence (Clthis respect, growth of GaN on sapphire surfaces gives
image. This difference in color allows us to reveal thean intermediate result (more close to that obtained on
areas of material with higher (yellow) and lower (darkSiC(0001) Si-faced surface) that is related to the mixed
area) defect density. polarity of the grown GaN crystal.

5 Initial stage of GaN growth
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6 Characterization of GaN crystals ferent type. Extracting components of the microdistor-
grown by the sublimation technique tion tensor from the X-ray measurements, we estimate
6.1 X-ray characterization the density of dislocations in the grown GaN crystals.

Characterization of GaN crystals is carried out usin Both screw and edge dislocation densities are found to

. ) .
double-crystal and triple-crystal X-ray di1"fractometry%e in the range of (1-2)-4bcm? . For comparison
with CuKy; and MoK, radiation. Bothw- and 6-26- MOVPE GaN layers grown on sapphire have dislocation

scans are used for routine characterization of the matéensities of ~ 6-focm? estimated in the same way. Of
rial quality. To reveal in more detail the contribution of course, these estimates provide an upper limit for the
different factors to widening of the diffraction curves, dislocation densities in the crystals studied.
measurements are carried out in different configurations.2 Photoluminecsence and Hall measure-

(symmetric Laue- , symmetric and asymmetric Bragg-ments

configurations) and for different reflections — (0002), A number of GaN crystals (25 samples) grown by SST
(0004), (1010), (2020) and (1124). were characterized by Hall measurements, Fourier
The FWHM of the (0004)-reflection is systemati- transform spectroscopy and room-temperature photolu-
cally measured irB-26-mode on a large number of GaN minescence (pumping of the samples was performed
crystals grown on sapphire and 6H-SiC(0001) Si-facedising a He-Cd laser with = 325 nm) in the spectral
substrates. The FWHM of GaN grown on sapphire liesange of 0.5-3.5 eV.
in the range of 6-9 arcmin while the FWHM of GaN  All GaN samples studied exhibit n-type conductiv-
crystals grown on a SiC substrate is between 2.5 and 6ify. Hall measurements and infrared£ 1-2 um) opti-
arcmin. That GaN crystals grown on 6H-SIiC havecal absorption give the value of electron concentration

higher crystalline quality correlates with the data ofj, the range of (2-6)-16 cni3 and mobility between 30

ggzlﬁ;iESM and morphology examination discussed "Mand 80 crfV-s. Such low level of mobility is typical for

- . _unintentionally doped GaN crystals where the electron
Specific feature of the samples obtained by SST i3, centration is controlled by native defects.

their strong bending related to the difference in the lat- 5 typical room-temperature emission spectrum of

tice constants and thermal expansion coefficients of thg ; grown on SiC(0001) under nearly optimal condi-
substrate and the grown crystal. For example, radius qf

- J ons is shown in Figure 12a. Here the intensity of the
bendmg C?f 3pm thick GaN MOVPE layer grown on yellow emission band is at least ten times less that the
sapphire is ~23 m . After further SST growth on this

) | “Pintensity of the edge emission. The CCL-SEM study of
wafer, the 48um thick GaN layer results in a bending the surface of the grown GaN shows that the yellow

radius of about 1 m (i.e. the crystal remains highlyjminescence is located mainly near defects: microc-

strained after cooling). Such a huge strain Ie{;lds t?acks, dislocations, twin and inversion domain bound-
break-down of the GaN crystals due to cracks during thgjag (Figure 12 c), while far from defect areas no

growth process and especially after growth while Coo"yellow emission is observed (Figure 12 b).

ing the sample. The cracks occur predominantly in the€ - peiation from the optimal growth conditions usu-

substrate in GaN grown on sapphire and in the epitaxial;y, resyits in a considerable rise of the intensity of the
layer in GaN grown on 6H-SIC. Break-down of the sam+ g6\ |yminescence; it becomes comparable with that
ples due to cracks becomes an especially serious progf {he pand edge. In addition, new long-wavelength

lem for crystals of increased thickness and lateral Size'emission bands appear. Figure 12d shows the CL image
Use of various scattering configurations and a numpf the surface of GaN grown under non-optimal condi-
tribution of various factors to the FWHM of the jn CL spectra of such GaN crystals, and additional non-

diffraction curve. The three most important factors - argniformity of the optical properties over the surface of
considered — disorientation of the coherent scatteringsaN is observed.

areas (blocks); size effect; and microdistortion of the

\ : AR . 6.3 Paramagnetic resonance study
crystalline lattice of material inside the blocks. It is i ] ]
found that the latter factor has a dominant contributionl "€ EPR spectra were studied using a conventional X-

to the width of the diffraction curve. The size effect isP@nd (9.25 GHz) EPR spectrometer in the temperature

also remarkable. At the same time the block disorienta@nge of 4-300 K. The study is carried out with GaN

tion has a minor effect on the width of the diffraction S@MPles grown on 6H-SiC substrates.
curve for GaN layers grown by SST. Traces of Ni, Fe and Mn are found in some GaN

We assume that the microdistortion of materialCrystals grown by SST. Most probably exist in thé"Fe
inside the blocks is associated with dislocations of a dif; Ni¥* and Mrf* charge states if these impurities occupy
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Ga sites in GaN crystalline lattice. Impurity concentra-the ammonia supply into the growth cell. At high pro-
tions estimated based on the EPR measurements aress temperatures the hBa ratio in the growth cell

10%7-10%8 cni® for Fe, and 18-10'7 cni® for Mn and  not only influences the growth rate but also determines
Ni. Fe and Mn contamination in GaN crystals may orig-the defect density of the grown crystals. Further investi-
inate from the boat material of the Ga vapor source. Ngation of the mechanisms of Ga transport in the sand-
contamination may be attributed to the SiC substrat@vich system are necessary for better stabilization of Ga
that was etched in molten KOH in a container made o$ource operation especially in growth processes of long
Ni. duration.

The energy level scheme of transition metals in The experiments also show that bending of GaN lay-
GaN, as inferred from known levels in other IlI-V com- ers grown either on sapphire or on 6H-SiC substrates
pounds via the Langer-Heinrich rule, indicates that thdollowed by cracking is a serious problem which hin-
acceptor levels of Mn and Ni are close to mid-gap [30]ders the increase of the thickness and lateral size of the
Therefore Mn and Ni seem to be more suitable impuricrystals. The best way to overcome this problem is use
ties for fabrication of semi-insulating GaN substratesof a homoepitaxial seed for further SST growth of GaN.
than previously discussed Fe and Cr.
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are found in the Ga_N crystals. These_ lines exhibit uski.Inst. Phys.' Conf. ée137, 365-372 (1994)‘. '
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FIGURES

susceptor — |

Growth cell

substrate

T

thermocouple

Figure 1. Simplified scheme of GaN growth by Sublimation
Sandwich Technique.
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Figure 2. Photo of GaN crystal grown on a sapphire substrate by the sublimation technique. The thickness of the crystal is 0.3

The dark area in the center of the crystal is attributed to Ga droplets accumulated at the interface between sapphifehand GaN.
appearance of the droplets at the initial stage of growth is related to lowering of V/III ratio over the substrate frophérg fwer

the center.
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Figure 4. Typical temperature distribution in the reactor of
Figure 3. Distribution of ammonia concentration in the reactowertical configuration during sublimation growth of GaN (the
of vertical configuration during sublimation growth of GaN. substrate temperature is 12680 and temperature difference

The color transition from blue to red indicates increasingAT = 50°C).
ammonia mass fraction from 0.15 to 1.00. The substrate
temperature is 115C, the temperature differenaT = 50°C.
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Figure 5. Streamlines of the gas flow in the reactor calculated E 12}
for typical growth conditions (the substrate temperature is E
1150°C, and the temperature differendd = 50°C). % 08T
c 06}
=
e
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Figure 6. Concentration distributions of main gaseous species
in the growth cell during sublimation growth of GaN. The color
transition from blue to red indicates increasing species mass
fraction (from 8.6-1¢ to 7.9-10° for gallium, from 0.15 to
0.73 for ammonia, and from 0.26 to 0.98 for hydrogen). The
substrate temperature is 1160 the temperature difference
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FNH3= 0.7 slm
T, = 1200°C
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Figure 7. Growth rate versus clearance between the source and
substrate measured for GaN crystals grown on sapphire.
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Figure 8. Gallium flux from the source to the substrate
calculated for different evaporation modes and measured
experimentally.
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Figure 9. GaN growth rate versus temperature calculated for the
sandwich system (solid lines). Blue circles are the experimental
data obtained for these growth conditions. The red arrow

indicates maximum growth rate achievable for the chod€n

and reactor pressure, limited only by Ga transport.
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Figure 10. Schematic plot of the "growth window" related to
Sublimation Sandwich Technique (reactor pressure is 1 atm).
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Figure 11. Color CL images of GaN crystals grown (a) directly on sapphire substrate, (b) on MOVPE layethiek), and (c)
on SiC(0001) Si-faced surface.
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Figure 12. Photoluminescence and CCL-SEM characterization of GaN crystals grown by SST: (a) typical room-temperature
emission spectrum of GaN grown on SiC(0001) Si-faced surface, (b) CL image of GaN surface far from defect area, (c) CL image
of GaN surface near the defect area, (d) CL image of surface of GaN grown under non-optimal conditions.
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Figure 13. Temperature dependence of EPR spectra of GaN
crystal grown on 6H-SiC(0001) Si-faced substrate. The spectra
exhibit a hysteresis upon heating-cooling process that is an
evidence of metastable defect formation.
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