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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-III element source. Single crystals of GaN of size  15×15 mm 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

Homoepitaxy on GaN substrates is one of the successful
ways  of fabricating  device-quality nitride-based het-
erostructures. To get such substrates, bulk GaN crystals
of an appropriate size are necessary. Nowadays three
techniques can be regarded as promising to obtain GaN
bulk crystals − High Pressure Crystal Growth  [1], Chlo-
ride Hydride Vapor Phase Epitaxy (especially in combi-
nation with lateral regrowth)  [2], and Sublimation
Sandwich Technique  [3]. The latter has been initially
developed for growth of high-quality SiC crystals and
then applied to group-III nitrides, first of all, to GaN
[4]. Recently the sublimation technique  also succeeded
in growth of large size AlN crystals   [5]. 

The sublimation technique is one of the traditional
ways to grow bulk AlN crystals  [6]. This is possible due
to congruent evaporation of this material at high temper-
atures providing nearly stoichiometric composition of
the vapor phase. The pressure of the main species (Al
and N2) over a AlN surface reaches ~1 atm only at

2260°C. That is the reason why the temperature range
1950-2250°C is normally used for sublimation growth
of AlN. As a result  crystals up to 1 mm thick with th
size of 10×10 mm can be obtained by this technique. 

In contrast to the case of AlN the nitrogen pressu
over GaN under  practical growth conditions (temper
tures ~1000°C) lies between ~10 and ~100 bars. Vapo
ization of GaN at high temperatures is congruent on
under Langmuir conditions (free evaporation in va
uum)  [7]. At higher pressures (i.e.  closer to equilibriu
conditions) evaporation of GaN becomes non-congru
and is accompanied by liquid Ga accumulation on t
surface. As a result molecular nitrogen dominates in 
vapor phase. However, because of extremely low che
cal reactivity of N2 on GaN surfaces, growth of GaN

under these conditions does not occur. Hence exte
flow of nitrogen-containing reactive species is requir
to initiate the growth process. The best choice of su
species in all respects is ammonia. 
 MRS Internet J. Nitride Semicond. Res. 3, 50 (1998). 1
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Apparently first free-standing GaN crystals of con-
siderable size have been obtained by growth from the
vapor phase in  [8]. In this work synthesized GaN pow-
der was heated in dry NH3 flow at 1150-1200°C for 24
hours. This resulted in growth of GaN crystals of a nee-
dle shape and of size  5×1 mm. The author of  [8] con-
cluded that growth of GaN occurs via sintering although
the contribution of the physical vapor transport seems to
be also important under these conditions. 

Growth of GaN using ammonia passing over liquid
gallium was carried out at 1000-1150°C in an open or
partly closed quartz ampoule  [9]. In the latter case NH3

was supplied to a boat with liquid Ga through a small
orifice of 1 mm in diameter that provided diffusion lim-
ited growth conditions. GaN was deposited on the walls
of the ampoule in the form of whiskers, needles, plate-
lets etc. It was concluded in Ref.  [9] that the GaN crys-
tals had been grown from the vapor phase containing
atomic gallium and ammonia. In addition it was also
shown that raising  the growth temperature made it pos-
sible to increase the size of grown GaN crystals  [10]. 

Detailed study of mechanisms of GaN crystalliza-
tion due to reaction of Ga vapor with ammonia was car-
ried out in Ref.  [11]. A wide range of temperature, 825-
1010°C, and NH3 pressure,  0.3-2.5 mbar were used for
growth, and prismatic GaN crystals appeared in the
reactor. The largest crystals (up to 2.5 mm long) were
formed on SiC or GaN seeds. These crystals had the

electron concentration  n~1019 cm-3 with a mobility of

100 cm2/V·s. 
Therefore attempts to growth free-standing GaN

crystals in Ga−NH3 system without seed or substrate
were not successful. In the best case, needle or platelet
crystals were obtained but their lateral size was very far
from desirable. In Refs.  [4],  [12], a principally different
scheme of growth process was proposed (see Figure 1)
which came to be known as Sublimation Sandwich
Technique (SST). In this method the source of Ga vapor
and the substrate were separated by a clearance of sev-
eral millimeter forming a growth cell. This growth cell
was placed into a temperature-gradient zone to initiate
material transport from the source to the substrate. To
provide a supply of  reactive nitrogen into the growth
cell, the cell was purged by ammonia flow. One of the
advantages of this scheme was an ability to intensify
mass transport in the growth cell due to decrease of the
clearance between the source and the substrate. There-
with not only high growth rates (up to 1 mm/h) were
achieved but also complete (without losses) transfer of
the source material to the substrate was attained  [13].
Characterization of the GaN crystals grown by SST per-
formed by different groups  [14],  [15],  [16],  [17],  [18]
had shown high quality of the material, comparable in

specific cases to that of GaN epilayers obtained 
Metal-Organic Vapor Phase Epitaxy (MOVPE) o
Molecular Beam Epitaxy (MBE). The advantages of th
technique — high growth rate, use of the simple
source species, high yield of the growth componen
high crystalline quality of growth material — were
found to be potentially promising for development o
commercial GaN bulk crystal growth technology. Fo
that reason SST has become popular and is now be
developed  in various research centers  [3],  [19],  [20

In this paper we consider the current status of t
Sublimation Sandwich Technique, the mechanisms 
GaN growth, specific features of the growth proces
and results of characterization of the grown crysta
Both experimental data and numerical modeling a
used for analysis of the growth process. Problems to
solved in the nearest future are discussed as well. 

2 Experiment

GaN crystals are grown in a tubular quartz reactor w
radio-frequency heating (simplified scheme of the rea
tor is shown in Figure 1). The growth process is carri
out in ammonia flow passing over and through t
growth cell placed inside the reactor on a graphite s
ceptor. Both horizontal and vertical configuration of th
reactor are used. The horizontal configuration provide
more effective supply of ammonia in the growth cell, th
vertical one is more suitable for longer process duratio
Before growth, the reactor is evacuated  to a pressur

less than 10-2 torr and then purged by ammonia for 1
min to remove residual gases (first of all,  oxygen). 

The growth cell consists of a Ga source and su
strate, both forming a "sandwich" where transport of t
main growth species (Ga and NH3) occurs. The growth
cell is placed in a temperature-gradient zone, so t
there appears a certain temperature difference  ∆T
between the source and the substrate. This tempera
difference serves as the driving force for Ga transp
inside the growth cell and GaN crystallization on th
substrate. Normally the distance  d  between the source
and the substrate (clearance) is varied from 2 to 5 m
[3]. Temperatures of the source and substrate are c
trolled by W-Re thermocouples. 

A mixture of liquid Ga and GaN powder is usuall
used as the source of gallium. The experiments sh
that use of pure Ga as the source provides maxim
growth rates but results in poorer temporal and spa
stability of source operation. In turn, use of pure Ga
powder leads to partial decomposition of the sour
material into the liquid (Ga) and vapor (N2) phases start-
ing immediately after the beginning of the growth pro
cess. Again, in this case growth proceeds mainly fro
the mixture of liquid gallium and GaN. 
2  MRS Internet J. Nitride Semicond. Res. 3, 50 (1998).
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Both sapphire and 6H-SiC(0001) Si and C faced are
used as the substrates. SiC substrates are etched in KOH
melt at the temperature of 480°C to remove a damaged
surface layer arising from grinding and to determine the
polarity of the substrate. Then SiC substrates are boiled
in a diluted solution of acetic acid, and after that is
rinsed in deionized water. 

Growth of GaN crystals is carried out at atmospheric
pressure in the temperature range of 1000-1300°C. The
temperature difference between the substrate and the
source is varied  from 10°C to 100°C. The inlet ammo-
nia flow rate of 150-850 sccm is maintained during the
growth process. GaN crystals 70-800 µm thick are
grown with deposition time being between 5 and 120
min. The typical size of the GaN crystals obtained is
0.5×15×15 mm. A number of crystals of size 25×25 mm
are also grown with somewhat lower thickness. Growth
rate is varied from 0.1 to 1.1 mm/h. The crystals of best
crystalline quality are obtained with  growth rates of
0.2-0.4 mm/h. A photo of a typical GaN crystal grown
by SST is given in Figure 2. A dark area in the center of
the crystal is proved to be attributed to Ga droplets accu-
mulated at the interface between sapphire and the GaN
layer. The appearance of the Ga droplets at the initial
stage of growth is discussed in Section 4.4. The non-uni-
form distribution of droplet density over the sample is
related to lowering of V/III ratio at the center of sub-
strate (see the next section). 

The grown GaN crystals are characterized by Hall
measurements of carrier concentration and mobility,
room-temperature photoluminescence, by the Color
Cathodoluminescence Scanning Electron Microscopy
technique, by differential double-crystal and triple-crys-
tal X-ray diffractometry, and by electron paramagnetic
resonance. 

3 Modeling of GaN growth by 
Sublimation Sandwich Technique

To analyze in detail the gas-flow dynamics in the reactor
and the concentration distribution of the main gaseous
species we use a numerical simulation of the growth
process. The mathematical model applied is based on
the Navier-Stokes equation and includes the conserva-
tion equations for momentum, mass and energy as well
as boundary conditions accounting for heterogeneous
chemical reactions both on the surfaces of the source
and the substrate. It is assumed that gas flow in the reac-
tor is axisymmetrical. This allows us to perform two-
dimensional modeling analysis of the growth process.
Experimental data are employed to preset the tempera-
ture profile at the surface of quartz tube. 

Transport of four gaseous species (NH3 , N2 , H2 ,
Ga) is considered without taking into account homoge-
neous chemical reactions between them (it is shown in

[21] that homogeneous cracking of ammonia is neglig
ble up to temperatures as high as 1100°C). Based on the
experimental data of Ref. [22] three-phase equilibriu
(between solid GaN, liquid Ga and vapor phase) 
assumed to be established at the surface of the sou
Stoichiometric incorporation of gallium and nitroge
into the growing GaN crystal is also assumed. 

We make one more assumption: that growth of Ga
on the substrate occurs under mass transport limi
conditions, i.e. that adsorption and desorption of ga
eous species are the stages that  limit the growth rate
this case, surface processes can be described using
quasi-thermodynamic approach similar to that dev
oped recently for analysis of MOVPE growth of group
III nitrides  [23]. According to this approach, the kine
ics of molecular nitrogen evaporation from the surfa
of GaN is accounted for by a temperature depend
sticking coefficient extracted from the experimental da
on GaN free evaporation in vacuum  [24]. The tempe
ture independent sticking coefficient of ammonia 
taken from Ref. [25]. 

Shown in Figure 3 is the geometry of the grow
reactor of vertical configuration and the distribution o
the ammonia concentration over the reactor (the temp
ature distribution and gas flow pattern in the reactor a
given in Figure 4 and Figure 5 respectively). One c
see that the NH3 concentration significantly decrease
while gas flows from the inlet of the reactor (where pu
ammonia is supplied) to the growth cell. Actually, th

mole fraction of ammonia falls  to 5·10-3-1·10-2 inside
the cell. The reason for this behavior becomes evid
from Figure 6 where the 2D-distribution of concentra
tions of the main gaseous species (Ga, NH3 and H2) in
the growth cell is plotted. A specific feature of the sub
mation process is accumulation of molecular hydrog
inside the growth cell. Since homogeneous chemi
reactions are not accounted for in the model, generat
of H2 is related entirely to heterogeneous reactions p
ceeding on the surfaces of the substrate and the sou
The mole fraction of H2 in the growth cell exceeds 93%
so that it displaces  the other species. This effect 
only hinders the supply to the growth cell of ammon
but also favors the appearance of a lateral non-unif
mity of V/III ratio and GaN growth rate. In the particula
case plotted in Figure 3 and Figure 6, the concentrat
of Ga near the surface of the substrate increases b
factor of 1.3 from the center to periphery (the diame
of substrate is 30 mm) while the concentration of NH3 at
the edge of substrate is approximately two times grea
than that at the center. Correspondingly the NH3/Ga
ratio is equal to ~35 at the center of the substrate an
~50 at the periphery. Therefore the results of modeli
show that further optimization of the ammonia supply
 MRS Internet J. Nitride Semicond. Res. 3, 50 (1998). 3
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necessary in the vertical reactor to provide more uni-
form NH3/Ga ratio distribution over the growth surface.
In the horizontal reactor the NH3/Ga ratio non-unifor-
mity is related to depletion of the gas flow by the reac-
tive species that can be diminished by substrate rotation. 

The growth rate calculated for a substrate tempera-
ture of 1150°C and temperature difference  ∆T  of 50°C
is equal to ~ 0.1 µm/h . This value is 8-10 times less than
the experimental value of the growth rate measured for
these growth conditions. This remarkable discrepancy
between the calculated and measured growth rates of the
GaN crystal shows that traditional mechanisms of Ga
transport (diffusion and convection) can not explain
experimental observations. In more detail this question
is discussed in the next section. 

4 Mechanisms of GaN growth

In this section we discuss the mechanisms controlling
the process of GaN growth by SST and factors limiting
the growth rate. The nature of abnormally high Ga trans-
port rate is considered as well. 

4.1 Congruent and incongruent evapora-
tion of the source material

First of all we discuss the difference in the growth pro-
cess observed in our experiments and in the experiments
of Ref.  [26]. In  [26] growth of GaN was carried out at
lower temperature (~1050°C). After 3 hours growth rate
dropped drastically, and the growth process could not be
restored with the same source material. Basing on mass
spectrometry investigation of the source material the
authors of  [26] concluded that growth of GaN  pro-
ceeded for the first 3 hours via transport of some volatile
species such as GaNH or GaN2H. Complete evaporation
of these species from the source (apparently taking
place after 3 hours of growth) resulted in the drop of the
growth rate. 

We think that transport of gallium observed in  [26]
during the first 3 hours occurred through a number of
volatile species containing, along with the Ga and N
atoms, oxygen and carbon. This assumption is supported
by the fact that in the mass spectrum shown in Figure 8
of  [26] the dominating species are N (14), H2O (18), N2

or CO (28), Ar (40), CO2 or N2O (44). The masses 84/
85 and 96/98 attributed in  [26] to GaNH and GaN2H
can be alternatively associated with GaCH3 or GaO and
GaCN or GaCO respectively. The heaviest mass, 171,
observed in the spectrum may be the  Ga2O2 radical. In
addition to all these species, the contribution to growth
of liquid gallium (69/70 masses in the mass spectrum)
has to be taken into account as well (the micro-droplets
of gallium could be trapped into the source material dur-
ing the preparation procedure  [21]). After these species
are consumed, the gallium supply at the growth surface

can be provided by evaporation of the remained G
powder. Apparently under conditions used in  [26] th
evaporation of GaN is congruent, and it is expected to
suppressed by the ammonia atmosphere in the rea
In this case, the growth rate of GaN on the substr
should drop  compared to that at the initial stage of t
growth process. 

In contrast, in our experiments (typical temperatur
are ~1100-1250°C) the GaN powder in the source evap
orates incongruently, i.e. with decomposition into th
liquid and vapor phases. As a result, no deficit of t
volatile species is observed — the growth process c
tinues almost up to the moment of complete evaporat
of the source material. 

4.2 Transport of gallium between source 
and substrate

Comparison of theoretical and measured data shows 
the experimental growth rate systematically exceeds 
calculated values at least by a factor of ten. This impl
that the mechanism of Ga transport is different from th
accepted in our calculations. Another evidence of a s
cific mechanism of  Ga transport is provided by  Figu
7, where the dependence of GaN growth rate on 
clearance d  between the source and substrate is plott
It is seen from Figure 7 that growth rate decreases m
rapidly than  1/d  as one could expect assuming that d
fusion is the prevailing mechanism of transport. The
facts stimulated us to carry out a special investigation
the Ga transport in the sandwich system. 

We measure the Ga transport rate in the sandw
system under various conditions: 
i) in argon atmosphere at a pressure of 1 atm (resis
heating of the susceptor), 
ii) in ammonia atmosphere at a pressure of 1 a
(radio-frequency heating of the susceptor), and 

iii) under low background pressure of ~10-6 atm (resis-
tive heating of the susceptor). 
In the first two cases the Ga transport between 
source and the substrate is expected to occur via di
sion and convection, while in the latter case, it should
of free-molecular character. Results of this study a
summarized in Figure 8. 

It is seen in Figure 8 that all experimental poin
obtained are bordered by two calculated lines. One
the lines corresponds to pure diffusion of Ga from t
source to the substrate. Another one describes free e
oration of Ga in vacuum (actually this curve represent
physical limit for the evaporation rate). Both lines hav
nearly an equal slope. In experiment the gallium flu
measured in Ar atmosphere (under resistive heating
susceptor) corresponds exactly to the Ga transport
diffusion. At the same time experiments on free evap
ration of Ga in vacuum and the measurements carr
4  MRS Internet J. Nitride Semicond. Res. 3, 50 (1998).
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out under the actual growth conditions (NH3 atmo-
sphere) give nearly identical results which are  less by
the factor 30  than the calculated evaporation rate of Ga
in vacuum. 

To understand this abnormally high rate of Ga trans-
port between the source and the substrate we consider
three effects:   
i) gas convection in the growth cell enhanced by
hydrogen generation at the surface of the source due to
NH3 cracking, 

ii) multiple channel desorption of Ga (via gaseous com-
pounds with hydrogen and other possible species), and 
iii) generation of Ga droplets at the surface of the source
followed by their transport to the substrate.

Actually, the effect of convection is accounted for
while modeling the growth process. but it does not pro-
vide the observed values of  growth rate. To estimate the
effect of multiple channel desorption we consider addi-
tional formation of GaH, GaH2 and GaH3 at the surface
of the source as well as of the adduct Ga·NH3 . As a
result, the  contribution of these species to Ga desorp-
tion from the source was found to be negligible. The
role of other gaseous species (probably formed during
preparation of the source material) is excluded by exper-
iments carried out with pure liquid gallium. Therefore,
the first two possible reasons for abnormally high rate of
Ga transport cannot explain properly the experimental
observations. Thus, the most probable origin of the high
Ga transport rate is related to droplet generation. The
nature of this effect is assumed to come from the liquid
surface instability. In turn, the instability can be caused
by different factors — axial temperature gradient in the
growth cell directed opposite to the gravity force; lateral
temperature gradient inducing Marangoni convection
near the surface of the liquid; nucleation of GaN micro-
crystals near the walls of the growth cell resulting in a
foam-like material formation  [21], etc. At the moment
there it is not possible to select the only reason for the
instability so that the nature of the high gallium trans-
port rate remains not completely understood. 

4.3 Physical limitation of GaN growth rate 
in Sublimation Sandwich Technique

Of a special interest is the question of what maximum
growth rate can be achieved using SST. To estimate the
maximum achievable growth rate we develop a simpli-
fied model where transport of Ga considered as colli-

sionless with the correction coefficient  αGa
trans=0.03 ,

accounting for the difference between the Ga flux calcu-
lated for free evaporation in vacuum and the experimen-
tally measured value. Another parameter of the model is

the coefficient    which accounts for the effective-

ness of the ammonia supply into the growth cell. Act
ally, this coefficient can be defined as the product of t
ammonia sticking coefficient on GaN surface  [25] an
the ratio of NH3 partial pressure inside the growth ce
to its partial pressure at the inlet of the reactor. The
using the quasi-thermodynamic approach similar to th
proposed in Refs.  [23] and  [24], we can calculate t
growth rate of GaN in a sandwich system. 

Figure 9 shows the temperature dependence of 
growth rate calculated for ∆T = 80°C,  ammonia partial
pressure of 1 atm at the inlet of reactor, and differe

values of   . For comparison, experimental data a
plotted in this figure corresponding to  selected grow
conditions. One can see that good agreement betw

the theory and experiment is achieved for  =1·10-4.

The value of     estimated on the basis of 2D-calc
lations (see Section 3) for these growth conditions lies

the range of   2·10-4 – 4·10-4. 

It was already mentioned in Section 3 that the supp
to the growth cell of ammonia is far from optima
Under ideal conditions all the ammonia arriving at th
inlet of the reactor is transported to the substrate. In t

case     is equal to the NH3 sticking coefficient, i.e.
0.04  [25], and the estimated maximum achievab
growth rate is equal to 15-20 mm/h. 

4.4 Growth window for the Sublimation 
Sandwich Technique

The estimation of the GaN growth rate made abo
takes into account only limitations related to the rate 
Ga transport to the growing surface. At the same tim
other factors can be important introducing addition
limitations on the growth process. Among these facto
are formation of liquid Ga on the growth surface, failu
of epitaxial growth resulting in polycrystal formation
surface morphology degradation, etc. Obviously, t
impact of these factors depends on the chosen gro
conditions. 

As was already mentioned, key parameters of t
growth process are substrate temperature  T  and the
temperature difference between the source and the s
strate  ∆T . In addition, the flow rate of ammonia can b
easily varied while keeping constant pressure in t
reactor. Analyzing a large number of experimental da
we can conclude that there exists some "growth w
dow" in coordinates  ∆T− T  where single GaN crystals
can be obtained (see Figure 10). Beyond this wind
various factors interfere with growth. Indeed, the boun
aries of the "growth window" are not definitely shape
and they  indicate some transition regions rather tha
 MRS Internet J. Nitride Semicond. Res. 3, 50 (1998). 5
 © 1998-1999 The Materials Research Society

57/S1092578300001228 Published online by Cambridge University Press

https://doi.org/10.1557/S1092578300001228


                   

he
p-

-15

  

i-
of
rk
 in
i-

he
at
nd

lo-

on
L

  

b-
the
he
d

on
 CL
 is
lat-
ate.
ate
te

are
en

 or
in

N
aN
the
C
e of
N

i-
n

D-
i-
 of
ce
h-
-
iC
 In
es
on
ed

https://doi.org/10.15
sharp line corresponding to drastic change in the growth
mode. That is why the diagram shown in Figure 10 has,
first of all, a qualitative character. 

One can see from Figure 10 that at high temperature
and/or high ∆T  growth of GaN is interfered with by liq-
uid droplets formation on the surface. This results in
surface morphology degradation, the appearance of Ga
inclusions in the crystal and a considerable rise in mate-
rial defects. It is interesting that a forerunner of this pro-
cess is the formation of liquid Ga inclusions at the
interface between the substrate and the grown GaN crys-
tal (such inclusions are absent  in the bulk of the crys-
tal). The photo of the GaN crystal shown in Figure 2
corresponds to just this situation. Ga droplets at the
interface are found by inspection through transparent
sapphire substrate in an optical microscope. The appear-
ance of the liquid phase  can be suppressed by increas-
ing  the NH3 concentration in the growth cell. 

At low substrate temperature, epitaxial growth of
GaN fails, and instead of a single crystal, polycrystalline
material is observed to form. 

At low  ∆T  the gallium evaporation rate at the
source becomes comparable to the gallium re-evapora-
tion rate at the growing surface. In this case growth rate
decreases that results in islanding of the grown material
− the epitaxial layer becomes broken, and roughness of
the surface gradually develops. If substrate temperature
is increased, keeping ∆T  low, then liquid droplets start
to form on the surface, and growth of GaN fails again. 

A similar "growth window" can also be found  for
ammonia flow rate. At low flow rates there is a deficit of
NH3 in the growth cell resulting in Ga droplet forma-
tion. An increase of the ammonia flow rate initiates
growth of numerous needle crystals on the substrate. At
the same time, inside the "window", growth of single
GaN crystal takes place. 

5 Initial stage of GaN growth

An interesting feature of SST is that no special buffer
layer is required to grow GaN crystals of good quality.
To study the initial stage of growth we apply the Color
Cathodoluminescence Scanning Electron Microscopy
(CCL-SEM) technique  [27]. This method is based on
visualization of luminescence locally excited by an elec-
tron beam at the cleaved plane of the grown crystal. It is
believed also that the yellow emission band (~2.5 eV) in
GaN is  evidence of  defective material. On the other
hand luminescence of high-quality GaN lies in the ultra-
violet (UV) spectral range, and therefore it is repro-
duced as a dark area in cathodoluminescence (CL)
image. This difference in color allows us to reveal the
areas of material with higher (yellow) and lower (dark
area) defect density. 

Figure 11 a shows a CL image micrograph  of t
cross-section of a GaN crystal grown directly on a sa
phire substrate. It is seen that a defective layer (~ 10
µm thick) with yellow luminescence appears at the in
tial stage of growth. Then it gives a way to  material 
higher quality emitting in the UV spectral range (da
area in the micrograph). Notice the sharp change
material quality that is evident from the change of dom
nating emission wavelength. Further examination of t
grown GaN crystal by the X-ray technique shows th
near the boundary between the high-defect density a
low-defect density layers, the density of threading dis
cations decreases due to their bending. 

Using a GaN buffer layer accelerates the formati
of the good quality crystal. Figure 11b shows a C
image of a GaN crystal grown on a GaN layer (~ 3-5 µm
thick) which was grown beforehand on a sapphire su
strate by MOVPE. One can see from the figure that 
GaN crystal formed by SST is less defective than t
MOVPE buffer layer, which exhibits the yellow ban
emission. 

We also compare the initial stages of GaN growth 
sapphire and SiC substrates. Figure 11c shows the
image of GaN grown on SiC(0001) Si-face surface. It
seen that no yellow luminescence is observed in the 
ter case even in the area adjacent to the substr
Instead,  blue emission located at the crystal-substr
interface is revealed by CCL-SEM. We can specula
that the possible origins of the blue luminescence 
residual oxygen accumulated at the interface which th
penetrates into the GaN crystal along microcracks,
elastic strain related to the twin and inversion doma
boundaries. 

Use of SiC(0001) C-face surfaces for growth of Ga
does not give good results: the morphology of the G
surface degrades very quickly. Such differences in 
quality of GaN crystal grown on Si- and C-faced Si
surfaces can be understood from  the fact that the fac
SiC surface determines the polarity of the grown Ga
crystal. According to Ref.  [28], the formation of Si-N
bonds on SiC(0001) Si-faced surface is thermodynam
cally favorable as well as formation of C-Ga bonds o
SiC(0001) C-faced surface. Since GaN grows in 2
mode via lateral spreading of the Ga-N bilayer, the in
tial Si-face of SiC surface provides a Ga-face surface
grown GaN crystal. It is well known that such a surfa
is smooth when growing GaN by any epitaxial tec
niques (MOVPE, MBE, HVPE)  [29]. In contrast, an N
face GaN surface resulting from the initial C-face of S
surface is rough and exhibits 3D pyramidal features.
this respect, growth of GaN on sapphire surfaces giv
an intermediate result (more close to that obtained 
SiC(0001) Si-faced surface) that is related to the mix
polarity of the grown GaN crystal. 
6  MRS Internet J. Nitride Semicond. Res. 3, 50 (1998).
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6 Characterization of GaN crystals 
grown by the sublimation technique

6.1 X-ray characterization

Characterization of GaN crystals is carried out using
double-crystal and triple-crystal X-ray diffractometry
with CuKα1 and MoKα1 radiation. Both ω- and θ-2θ-
scans are used for routine characterization of the mate-
rial quality. To reveal in more detail the contribution of
different factors to widening of the diffraction curves,
measurements are carried out in different configurations
(symmetric Laue- , symmetric and asymmetric Bragg-
configurations) and for different reflections — (0002),
(0004), (1010), (2020) and (1124). 

The FWHM of the (0004)-reflection is systemati-
cally measured in  θ-2θ-mode on a large number of GaN
crystals grown on sapphire and 6H-SiC(0001) Si-faced
substrates. The FWHM of GaN grown on sapphire lies
in the range of 6-9 arcmin while the FWHM of GaN
crystals grown on a SiC substrate is between 2.5 and 6.5
arcmin. That GaN crystals grown on 6H-SiC have
higher crystalline quality correlates with the data of
CCL-SEM and morphology examination discussed in
section 5. 

Specific feature of the samples obtained by SST is
their strong bending related to the difference in the lat-
tice constants and thermal expansion coefficients of the
substrate and the grown crystal. For example, radius of
bending of 3 µm thick GaN MOVPE layer grown on
sapphire is ~23 m . After further SST growth on this
wafer, the 48 µm thick GaN layer results in a bending
radius  of about 1 m (i.e. the crystal remains highly
strained after cooling). Such a huge strain leads to
break-down of the GaN crystals due to cracks during the
growth process and especially after growth while cool-
ing the sample. The cracks occur predominantly in the
substrate in GaN grown on sapphire and in the epitaxial
layer in GaN grown on 6H-SiC. Break-down of the sam-
ples due to cracks becomes an especially serious prob-
lem for  crystals of increased thickness and lateral size. 

Use of various scattering configurations and a num-
ber of diffraction reflections allows us to reveal the con-
tribution of various factors to the FWHM of the
diffraction curve. The three most important factors  are
considered — disorientation of the coherent scattering
areas (blocks); size effect; and microdistortion of the
crystalline lattice of material inside the blocks. It is
found that the latter factor has a dominant contribution
to the width of the diffraction curve. The size effect is
also remarkable. At the same time the block disorienta-
tion has a minor effect on the width of the diffraction
curve for GaN layers grown by SST. 

We assume that the microdistortion of material
inside the blocks is associated with dislocations of a dif-

ferent type. Extracting components of the microdisto
tion tensor from the X-ray measurements, we estim
the density of dislocations in the grown GaN crysta
Both screw and edge dislocation densities are found

be in the range of (1-2)·1010 cm-2 . For comparison
MOVPE GaN layers grown on sapphire have dislocati

densities of ~ 6·108 cm-2 estimated in the same way. O
course, these estimates provide an upper limit for 
dislocation densities in the crystals studied. 

6.2 Photoluminecsence and Hall measure-
ments

A number of GaN crystals (25 samples) grown by SS
were characterized by Hall measurements, Four
transform spectroscopy and room-temperature photo
minescence (pumping of the samples was perform
using a He-Cd laser with λ = 325 nm) in the spectral
range of 0.5-3.5 eV. 

All GaN samples studied exhibit n-type conductiv
ity. Hall measurements and infrared (λ = 1-2 µm) opti-
cal absorption give the value of electron concentrati

in the range of (2-6)·1017 cm-3 and mobility between 30

and 80 cm2/V·s. Such low level of mobility is typical for
unintentionally doped GaN crystals where the electr
concentration is controlled by native defects. 

A typical room-temperature emission spectrum 
GaN grown on SiC(0001) under nearly optimal cond
tions is shown in Figure 12a. Here the intensity of t
yellow emission band is at least ten times less that 
intensity of the edge emission. The CCL-SEM study 
the surface of the grown GaN shows that the yello
luminescence is located mainly near defects: micro
racks, dislocations, twin and inversion domain boun
aries (Figure 12 c), while far from defect areas n
yellow emission is observed (Figure 12 b). 

Deviation from the optimal growth conditions usu
ally results in a considerable rise of the intensity of t
yellow luminescence; it becomes comparable with th
of the band edge. In addition, new long-waveleng
emission bands appear. Figure 12d shows the CL im
of the surface of GaN grown under non-optimal cond
tions. It is seen that a yellow-green emission domina
in CL spectra of such GaN crystals, and additional no
uniformity of the optical properties over the surface 
GaN is observed. 

6.3 Paramagnetic resonance study

The EPR spectra were studied using a conventional
band (9.25 GHz) EPR spectrometer in the temperat
range of  4-300 K. The study is carried out with Ga
samples grown on 6H-SiC substrates. 

Traces of Ni, Fe and Mn are found in some Ga

crystals grown by SST. Most probably  exist in the Fe3+

, Ni3+ and Mn2+ charge states if  these impurities occup
 MRS Internet J. Nitride Semicond. Res. 3, 50 (1998). 7
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Ga sites in GaN crystalline lattice. Impurity concentra-
tions estimated based on the EPR measurements are

1017-1018 cm-3 for Fe, and 1016-1017 cm-3 for Mn and
Ni. Fe and Mn contamination in GaN crystals may orig-
inate from the boat material of the Ga vapor source. Ni
contamination may be attributed to the SiC substrate
that was etched in molten KOH in a container made of
Ni. 

The energy level scheme of transition metals in
GaN, as inferred from known levels in other III-V com-
pounds via the Langer-Heinrich rule, indicates that the
acceptor levels of Mn and Ni are close to mid-gap  [30].
Therefore Mn and Ni seem to be more suitable impuri-
ties for fabrication of semi-insulating GaN substrates
than previously discussed Fe and Cr. 

New EPR lines associated with metastable defects
are found in the GaN crystals. These lines exhibit a
number of non-ordinary features. First, the EPR
response has a strongly anisotropic g-factor. Second, a
non-ordinary shape of the EPR lines, which looks like
an absorption line, is observed. The next peculiarity is a
strong temperature dependence of the EPR spectra. In
Figure 13 typical EPR spectra recorded at different tem-
peratures are shown. The g-factors for B||C increase
considerably, while in the B⊥ C orientation they
decrease upon heating of the sample. Along with the
changes in g-factors, a hysteresis in the temperature
dependence of the line intensities is found. One can see
in Figure 13 that at 50 K, the two new lines in EPR spec-
tra disappear. Further cooling of the sample does not
restore the line intensities. To recover the EPR signal the
sample has to be heated up to the room temperature. The
observed features are typical for defects with metastable
configurations. Probably these defects can be related to
the persistent photoconductivity discovered recently in
GaN  [31]. 

7 Conclusion

In this paper we discuss the current status of Sublima-
tion Sandwich Technique with respect to growth of bulk
GaN crystals. It is shown that SST allows high growth
rate (up to 1 mm/h) and provides good quality for the
grown GaN crystals. The crystalline quality of GaN
depends on the substrate (the best results are obtained
on 6H-SiC(0001) Si-faced surface) and the chosen
growth conditions. High GaN growth rate observed in
the experiment is assumed to originate from  Ga drop-
lets generation on the surface of the Ga source due to its
instability. A "growth window" can be determined in
SST for two main growth parameters — substrate tem-
perature and the temperature difference between the
source and the substrate. 

As the experimental results and modeling show, SST
growth of GaN crystals requires careful optimization of

the ammonia supply into the growth cell. At high pro
cess temperatures the NH3/Ga ratio in the growth cell
not only influences the growth rate but also determin
the  defect density of the grown crystals. Further inves
gation of the mechanisms of Ga transport in the sa
wich system are necessary for better stabilization of 
source operation especially in  growth processes of lo
duration. 

The experiments also show that bending of GaN la
ers grown either on sapphire or on 6H-SiC substra
followed by  cracking is a serious problem which hin
ders the increase of the thickness and lateral size of
crystals. The best way to overcome this problem is u
of a homoepitaxial seed for further SST growth of GaN
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FIGURES

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 imm.
The dark area in the center of the crystal is attributed to Ga droplets accumulated at the interface between sapphire andThe
appearance of the droplets at the initial stage of growth is related to lowering of V/III ratio over the substrate from the periphery to
the center.  
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Figure 3. Distribution of ammonia concentration in the reactor
of vertical configuration during sublimation growth of GaN.
The color transition from blue to red indicates increasing
ammonia mass fraction from 0.15 to 1.00. The substrate
temperature is 1150°C, the temperature difference  ∆T = 50°C.  

Figure 4. Typical temperature distribution in the reactor 
vertical configuration during sublimation growth of GaN (th
substrate temperature is 1150°C, and  temperature difference
∆T = 50°C).  
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Figure 5. Streamlines of the gas flow in the reactor calculated
for typical growth conditions (the substrate temperature is
1150°C, and the temperature difference  ∆T = 50°C).  

Figure 6. Concentration distributions of main gaseous spec
in the growth cell during sublimation growth of GaN. The colo
transition from blue to red indicates increasing  species m

fraction (from 8.6·10-4 to 7.9·10-3 for gallium, from 0.15 to
0.73 for ammonia, and from 0.26 to 0.98 for hydrogen). T
substrate temperature is 1150°C, the temperature difference
∆T = 50°C.  

Figure 7. Growth rate versus clearance between the source
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.  

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 chosen  ∆T
and reactor pressure, limited only by Ga transport.  

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 layer (~5 µm thick), and  (c)
on SiC(0001) Si-faced surface.  
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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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Figure 12. Photoluminescence and CCL-SEM characterization of GaN crystals grown by SST:  (a) typical room-tem
emission spectrum of GaN grown on SiC(0001) Si-faced surface, (b) CL image of GaN surface far from defect area, (c) C
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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