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In this chapter we describe recent experimental results on hydride vapor
phase epitaxy (HVPE) of group III nitride materials including epitaxial
layers and multi-layer device structures. Properties of GaN, InN, AIN,
and AlGaN layers grown by HVPE are presented. For GaN layers, n-
type and p-type doping during HVPE growth is reported. Thick crack
free AIN layers grown by stress control HVPE are described. New
directions in HVPE technology including large area growth, multi-
wafer growth, sub-micron multi-layer growth, and fabrication of nano-
size structures including GaN and InN nanowires are briefly discussed.
Properties of HVPE grown AlGaN/GaN hetero structures with two-
dimensional electron and two dimensional hole gases are presented.
Applications of HVPE grown group III nitride materials including
substrate applications (template substrates, free standing substrates, and
bulk substrates) and device structures for both optoelectronic
application (blue and ultraviolet light emitting diodes grown by HVPE)
and electronic applications (high electron mobility transistors grown by
HVPE) are discussed as well.

1. Introduction

The HVPE technology has been demonstrated to deposit single crystal
layers of both GaN' and AIN* more than 30 years ago. Fig. 1 illustrates
the basic idea of the method. For GaN growth, source materials are
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2 Dmitriev, Usikov

gallium chloride and ammonia gases. Gallium chloride is formed inside
growth apparatus by a reaction of gaseous HCl and Ga metal. Formed
gallium chloride is transported into a growth zone of the apparatus where
it reacts with ammonia forming GaN. Substrates are located in the
growth zone and, if growth conditions including substrate parameters are
suitable, single crystal GaN is formed on the substrate. The method
provides deposition rates of several microns per minute making it
possible to grow hundred microns thick layers.

' — " Exhaust

Source zone Growth zone

Fig. 1. Schematic illustration for GaN HVPE growth: 1 - main reactor tube, 2 - heating
elements, 3 - Ga source gas channel, 4 - boat with Ga melt, 5 - Ga melt, 6 - substrate, 7 -
substrate holder, and 8 - ammonia source tube.

Due to well recognized potential of GaN materials for light emitters,
numerous attempts to create GaN-based blue light emitting diodes by
HVPE, including the demonstration of the first GaN violet light emitter,’
have been taken in the 70". AIGaN alloy growth by HVPE has also been
performed.* However, despite substantial progress in material quality and
process understanding, background n-type carrier concentration in grown
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Hydride Vapor Phase Epitaxy: III- Nitrides 3

materials remained high and p-type GaN materials have not been
fabricated by that time.

Rapid progress in another epitaxial technology, metal organic
chemical vapor deposition (MOCVD) for p-type GaN and AlGaN
materials in the early 90™° and its ability to form Ga(Al)N/InGaN
quantum well structures made this method a technology of choice for the
fabrication of GaN-based devices including green, blue, ultra violet
(UV), and eventually white light emitting diodes (LEDs).” The MOCVD
was also the first epitaxial method to make GaN-based laser diodes
(LDs) and high performance electronic devices. However, many material
issues in the field remain unsolved. Due to absence of native GaN
and AIN substrates, GaN-based LEDs and HEMTs are currently
manufacturing by MOCVD and molecular beam epitaxy (MBE) on
foreign substrates, sapphire or silicon carbide. A poor lattice match and
difference of thermal expansion coefficient for these substrates usually
lead to the formation of threading defects in the epitaxial layers, cracking
of layers during the post growth cooling, and residual strains in the
epitaxial layers. These defects contribute to high background doping and
degrade both electrical and optical properties of the layers and devices.
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Fig. 2. Defect density in GaN layers vs. layer thickness. Left picture: GaN grown by
HVPE on sapphire'?. Right picture: GaN layers grown by HVPE on 6H-SiC substrate'.

In the 90", focus of HVPE development for GaN materials shifted to
substrate applications®. Slow progress and substantial technical
obstacles in other crystal growth techniques to form bulk GaN or AIN
crystals, put HVPE method on a leading position to produce substrate
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materials for group III nitride semiconductor devices. High deposition
rate intrinsic to GaN HVPE method and ability to form thick single
crystal GaN layers on foreign substrates have led to intense
developments in the field and to the demonstration of the first large area
(3 cm diameter) GaN free standing wafers.'® The later developments of
HVPE technology for free standing GaN wafers resulted in GaN
materials with a record room temperature electron mobility of 1320
cm’/V sec and donor concentration of 7.8x10"cm™.!'' It was
demonstrated by several research teams that dislocation density in GaN
HVPE layers decreases dramatically with layer thickness increase (Fig.
2).12

For thick GaN layers grown on SiC substrates, dislocation density
measured by transmission electron microscopy (TEM) was about 1x10’
and 4x10°cm™ at 10 and 100 microns distance from SiC/GaN interface,
respectively."? Growth of thick GaN layers and subsequent fabrication of
low defect free standing GaN wafers led to the fabrication of advanced
GaN-based power devices' high-frequency transistors, and blue lasers.
Currently, HVPE technology is established for commercial production of
various types of GaN and AIN substrate materials (Section 5). For more
than 30 years of GaN HVPE development various designs of growth
apparatuses and process arrangements were described in numerous
scientific publications.'*'>' In this paper we report on our resent results
on the fabrication and characterization of GaN, AIN, InN, AlGaN, and
InGaN materials and heterostructures by HVPE. We also describe
several novel directions in HVPE technology for group III nitrides such
as multi-layer sub micron device structures, nano-structures, and large
area HVPE growth.

2. Experiment

Group III nitride materials described in this paper were grown on
proprietary homebuilt HVPE growth equipment. The growth processes
were carried out in atmospheric pressure on a multi-wafer HVPE
machines having a hot wall quarts tube reactors with a resistively heated
multi zone furnaces (Fig. 3). Ammonia (NH;3) and hydrogen chloride
(HCI) were used as active gases and argon served as a carrier gas. Ga, Al,
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Hydride Vapor Phase Epitaxy: III- Nitrides 5

and In metals were used as group Il source materials. The metals were
located in boats placed in separate channels in the source zone of the
growth machine. Substrates were placed on a holder, which got in and
out from the growth zone of the rector by a quarts moving rod. Usually
we use sapphire or silicon carbide substrates. Substrate capacity of the
growth machines was up to seven 2-inch wafers. Size of the substrates
ranged from 2 to 6-inch.

Typical growth temperature varied from 900 to 1100°C, except for
InN grown at lower temperatures (Section 3.7). For n-type doping, silane
(SiH4) gas was used. To grow p-type layers, Mg and/or Zn metals were
placed in the source zone of the reactor. Growth rate was controlled from
0.05 to 1 microns per min by changing HCl flow through the
corresponding metal source channel. Thickness of grown layers was
varied from a few nanometres to several millimetres and was controlled
by the growth rate and deposition time. The machine design allows us to
grow multi layer hetero structures with thick (>10 um) and thin (<0.1
wm) layers in the same epitaxial process.

Sapphire
substrate

!
|

Metal sources Mg or Zn

/ Exhaust

o (33

\
Main reactor quartz tube Substrates holder

Fig. 3. Schematic of HVPE growth reactor used for experimental work.

3. Material Properties

3.1. Undoped GaN Layers

GaN layers having thickness from 2 to 100 um and 0.1 to 2 um were
grown on 2-inch sapphire and silicon carbide (SiC) substrates,
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respectively. The growth was performed on (0001) c-plane sapphire or
(0001)Si face of 6H- and 4H-SiC substrates. The upper thickness limit
reflects cracking problem, which is more sever for SiC substrates.

Fig. 4. Optical photo of 20 um thick GaN layer (left) and AFM image for 100 pm GaN
layer (right) grown on sapphire by HVPE (courtesy of Prof. S. Nikishin).

Surface of grown GaN layers was sooth and mirror like. Typical
surface roughness, RMS, even for thick layers grown on sapphire was
less than 0.5 nm (Fig. 4). For the smoothest layers, as-grown surface had
RMS values below 0.2 nm. Characterization performed using reflectance
high energy electron diffraction (RHEED) indicated that as-grown GaN
surface is single crystal (Fig. 5).

Fig. 5. RHEED image for as grown GaN surface measured after air exposure.

Crystal structure of grown layers was investigated using x-ray
diffraction methods. Typically crystal quality of the layers grown on
sapphire improves with layer thickness. For layers thicker than 20 pm,
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Hydride Vapor Phase Epitaxy: III- Nitrides 7

the full width at a half maximum (FWHM) values of x-ray diffraction ®-
scan rocking curves measured for GaN (00.2) and (10.2) reflections were
less than 200 arcsec and 300 arcsec, respectively (Fig. 6). Dislocation
density measured by transmission electron microscopy (TEM) for GaN
grown on sapphire was about (1-3)x10* cm™ for 10 pum thick layer.
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Fig. 6. The FWHM values of x-ray ®-scan rocking curves measured for GaN layers with
various thicknesses. The layers were grown by HVPE on sapphire substrates: diamonds
correspond to the (00.2) reflections and circles correspond to the (10.2) reflections.
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Fig. 7. SIMS depth profile for H, O, C, and Si impurities in undoped GaN layer grown on
sapphire by HVPE.

For GaN layers grown on SiC, x-ray rocking curve FWHM values
ranged from about 70 to 200 arc sec and from 200 to 800 arc sec for the
(00.2) and the (10.2) reflections, respectively. Etch pit density for about
2 um thick GaN layer grown on SiC substrate was in a mid 10’ cm™
range. Crystal structure of thin GaN layers grown on SiC was described
in the Ref."” P-n heterojunctions diodes formed by HVPE grown n-GaN
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8 Dmitriev, Usikov

and p-SiC substrates were studied.'® Properties of n-n and p-n GaN/SiC
diodes have also been reported."

Impurity contamination for undoped GaN layers was studied by
means of SIMS. Results of SIMS measurements showed that background
impurity concentrations are typically less than 5x10'® cm?®. SIMS
impurity depth profiles for undoped GaN layer grown on sapphire are
given in Fig. 7 show silicon, oxygen, hydrogen, and carbon atomic
concentrations of about 5x10", 2X1016, 1x10", and 8x10" cm’3,
respectively. Concentrations of background metallic impurities were also
below 10" cm™ level as determined by SIMS and glow discharge mass
analysis (Table 1). A concentration of electrically active non-
compensated donors, Np-N,, measured for undoped GaN layers typically
was below 5x10'® cm™. Data collected for over a year time period for
several HVPE growth machine are summarized in Fig. 8.

Table 1. Background impurity concentrations measured in undoped GaN layers by glow
discharge mass analysis.

Element  Concentration Concentration| Element Concentration Concentration
[ppm wt] [at/cm ] [ppm wt] [at/cm?]
B <0.005 < 1.7E+15 Zn <0.01 <5.7E+14
Mg <0.005 <7.6E+14 Ge <0.1 <5.1E+15
Si 0.08 1.1E+16 Se <0.01 <4.7E+14
P <0.01 < 1.2E+15 Y < 0.005 <2.1E+14
Ca <0.05 <4.6E+15 Mo <0.005 <1.9E+14
Ti <0.005 <3.9E+14 Cd <0.01 <3.3E+14
v <0.005 <3.6E+14 In <0.01 <3.2E+14
Cr < 0.005 <3.6E+14 Sb <0.005 < 1.5E+14
Mn <0.01 <6.7E+14 Te <0.005 < 1.5E+14
Fe <0.005 <3.3E+14 w <0.005 < 1.0E+14
Co <0.005 <3.1E+14 Re <0.005 <9.9E+13
Ni <0.005 <3.2E+14 Bi < 0.005 <8.9E+13

Most values of the concentration Np-N, ranges from 2x10" to 2x10'°
cm” irrespective on the layer thickness. The data points being close to
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Hydride Vapor Phase Epitaxy: III- Nitrides 9

10" cm™ range were caused probably by some accidental contamination.
The Np-N, values in the 10" cm™ range may be originated by
uncontrollable compensation. In general, for GaN layers thicker than
3 um no dependence of the concentration Np-N4 on the layer thickness
was detected. On the other hand, material crystal quality improvement
with layer thickness is obvious. We may suggest that background
electrical active shallow centers in grown undoped GaN are not related to
crystal structure defects. Electron mobility and concentration determined
by Hall measurements at room temperature for 26 pm thick undoped
GaN layer grown on sapphire was about 760 cm?*/V sec and 4x10'° cm™
(Fig. 9), respectively.
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Fig. 8. Concentrations Np-N, for undoped GaN layers grown on sapphire substrates.

2000

1000

u(cm’/V's)

= -= uncorrected
—e corrected for
] interface layer

0 100 200 300
T(K)
Fig. 9. Electron mobility measured by Hall method for 26 um thick GaN layer grown on
sapphire. The data are corrected for highly conducting GaN/sapphire interface layer
(courtesy of Prof. D. Look).

Optical properties of undoped GaN layers grown on sapphire were
evaluated by photoluminescence (PL). For 26 um thick GaN layer the
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10 Dmitriev, Usikov

near band PL peak had the FWHM of about 1.7 meV at 6 K (Fig. 10).
For about 1 um thick GaN layers grown on SiC, the near band edge PL
peak was located at 3.384eV (300 K) and 3.439 eV (77 K) and had the
FWHM of 23 meV and 58 meV at 77 K and 300 K, respectively.
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Fig. 10. Photoluminescence spectra for GaN layer grown on sapphire substrates. Two
lines represent measurements made at two different locations on the sample. The FWHM
for the X,D°peak is about 1.73 meV (courtesy of Dr. J. Freitas, Jr.).

3.2. Si-doped GaN Layers

Silicon is well known donor in GaN and is widely used to control n-type
conductivity of GaN and AlGaN materials. By varying silane gas flow
we controlled concentration Np-Na in HVPE grown GaN layers from
1x10" to 8x10" cm™. Si depth profile measurements were performed by
SIMS for HVPE grown epitaxial structure having five GaN layers (Fig.
11). The first and fifth (top) layers are undoped. Three intermediate
layers were grown with various Si doping levels. It is clearly seen that Si
doped layers have sharp interfaces.

Due to small activation energy of Si donor, at room temperature
concentration Np-Ny is almost equal to electron concentration. Electron
Hall mobilities of about 312 and 214 cm?/V sec were measured at 300 K
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Hydride Vapor Phase Epitaxy: III- Nitrides 11

for the materials having electron concentration of about 1x10' and
4x10"® cm?, respectively.

Crystal quality of highly Si doped (>10" cm™) GaN layers are
slightly deteriorated in comparison to undoped GaN layers. Another
issue related to high Si doping is crack formation. Typically thickness for
crack free highly Si doped GaN layers is kept bellow 10 pm.
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Fig. 11. Si depth distribution measured by SIMS in an HVPE-grown GaN epi structure
comprising Si doped layers. The sample surface is on the left. The Al profile is shown to
indicate the GaN-sapphire interface. Initial undoped GaN layer is about 2 um thick.

3.3. Mg-doped GaN Layers
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Fig. 12. Concentration N-Np after annealing vs. concentration N,-Np for as-grown
samples: Mg-doped (triangles) and Zn-doped (circles) GaN layers.

Mg doping™ resulted in the demonstration of the first HVPE grown p-
type GaN layers and pn junctions. Thickness of p-GaN layers ranged
from 3 to 5 pum. As grown Mg doped GaN layers had p-type conductivity
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with concentration Ns-Np up to 2x10" cm?. After sample anneal at
750°C in argon ambience for 40 min an increase of the concentration N-
Np in 1.5-3 times was detected (Fig. 12). One possible explanation of
high p-type doping measured for as-grown GaN layers is low hydrogen
concentration in HVPE grown GaN layers.

Hydrogen is known to form H:Mg complex in GaN and post-growth
thermal treatment (annealing) is required to withdraw H from the
complex and to obtain p-type conductivity for MOCVD grown materials.
Note that in MOCVD technology hydrogen is used as a carrier gas and
present in large concentration in the growth zone. Besides hydrogen,
threading defects can bond Mg atoms that also prevent p-type material
fabrication. Developed HVPE process is free of the hydrogen gas (except
of small amount of hydrogen produced by ammonia decomposition).
Argon is used as a carrier gas in TDI HVPE processes. Thus, good
crystalline quality and lower hydrogen concentration explain high p-type
conductivity of as grown Mg-doped GaN layers fabricated by HVPE.
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Fig. 13. Mg depth distribution measured by SIMS in an HVPE-grown Mg-doped GaN
layer. As grown sample had p-type conductivity. The Al profile is shown to indicate the
GaN-sapphire interface. Undoped part of the structure is about 3.5 um thick.

Good control for Mg doping was proved by SIMS measurements
(Fig. 13). The studied structure consists of undoped 3.5 um thick GaN
layer deposited on sapphire substrate and three subsequently grown Mg-
doped GaN layers with increasing doping concentration toward the
structure surface. All four layers were grown in the same HVPE run.
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Hydride Vapor Phase Epitaxy: III- Nitrides 13

The SIMS profiling demonstrates ability of HVPE technique to
fabricate abrupt Mg doping profiles during GaN growth. Recent Mg
doping experiments” resulted in p-type GaN layers showing hole
mobility of 80 cm?/V sec at hole concentration of 1x10'® cm™ at room
temperature. These results present record high carrier mobility for p-type
GaN and must be further investigated.

The FWHM values for XRD rocking curves measured for Mg doped
samples were slightly larger than the ones for undoped and Si doped
samples ranging from 350 to 410 arc sec and from 600 to 800 arc sec for
symmetric (00.2) and asymmetric (10.2) reflections, respectively.

Highly Mg doped GaN layers have been applied to form blue and UV
LEDs by HVPE technology (Section 5).

3.4. Zn-doped GaN Layers
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Fig. 14. Temperature dependence of electrical resistivity measured in several locations
for semi insulating GaN compensated with Zn. The layer was grown on conductive SiC
substrate.

GaN doping with Zn during HVPE growth has been widely used for
formation of light emitting and photo detector device structures.’ In these
structures Zn-doped layers were semi insulating. We have fabricated
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semi insulating Zn-doped GaN layers grown by HVPE on SiC substrate
(Fig.14) and sapphire substrates. Grown materials demonstrated room
temperature electrical resistivity above 10'© Ohm cm.*

Detailed study of Zn doping showed that by controlling Zn vapor
pressure in the growth zone it is possible to fabricate three basic
strictures: (1) n-type GaN layers compensated with Zn, (2) semi-
insulating Zn-doped layers, and, surprisingly, (3) p-type GaN layers
doped with Zn. The first p-type GaN doped with Zn has been reported by
Polyakov et al.”>. For p-type GaN layers doped with Zn a maximum
concentration N,-Np of about 6x10'7 ¢cm™ was measured (Fig. 12). We
believe that p-type doping of GaN with Zn is due to low background
impurity concentration and low defect density in HVPE grown layers.
More information of two-dimensional hole gas detected in p-type Zn
doped GaN/AlGaN structures is given in Section 4.

3.5. AIN Layers

HVPE growth of AIN layers is studied substantially less than that for
GaN layers. In 1972, Yim and co-workers grew AIN on sapphire
substrates in the temperature range 1000-1100°C by HVPE method
where AICl; was generated by passing HCl over molten aluminum.’
However, results on HVPE growth of AIN are limited.***> %

Recently, we demonstrated HVPE growth technology for thick AIN
layers. The first free-standing AIN wafers were fabricated by growing up
to 1 mm thick AIN layers on silicon substrates and subsequent removal
of the substrate by chemical etching.”’ Properties of free-standing AIN
wafers fabricated by HVPE are given in Section 5.

Lately, HVPE technology has been modified to deposit high quality
thin AIN and AlGaN epitaxial layers on SiC*™® * and sapphire
substrates. *° AIN layers were deposited on (0001)Si on-axis surface of
SiC substrates. Thickness of AIN layer was varied from 0.1 to 0.7
microns. Surface roughness, RMS measured by AFM ranged from 1 to 5
nm. RHEED measurements showed that grown AIN layers have single
crystal surface meaning that air exposure does not result in a formation
of thick amorphous oxide layer. X-ray diffraction study indicated high
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Hydride Vapor Phase Epitaxy: III- Nitrides 15

crystal quality of the grown layers having a minimum FWHM value of
o-scan (0002) rocking curve of about 80 arc sec. Specific electrical

resistivity of AIN exceeded 10'' Ohm cm at room temperature (Fig. 15).
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Fig. 15. Temperature dependence of electrical resistivity for semi insulating undoped
AIN layer grown on SiC substrate.
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Fig. 16. Optical transmission spectrum for AlIN/sapphire, GaN/sapphire and Al,Ga; (N
(0.11<x<0.78)/sapphire epitaxial wafers grown by HVPE.

Cathodoluminescence measurements performed at room temperature
on thin AIN layers grown on SiC substrates revealed near band edge
luminescence peaking at 5.9 eV. Device structures based on HVPE
grown thin AIN and AlGaN layers are described in Section 5.

Thin (<1 wm) AIN layers with mirror like surface were grown on
sapphire substrates. However AIN surface was rougher that that for GaN
layers. Surface roughness, RMS for AIN on sapphire ranged from 3 to 15
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16 Dmitriev, Usikov

nm. Grown AlN/sapphire samples exhibited good optical transparency in
UV spectrum region (Fig. 16).

Relatively narrow x-ray (00.2) AIN w-scan rocking curves with the
FWHM values of about 80 arc sec were measured for several samples,
but for such samples the asymmetric (10.2) x-ray rocking curves were
much wider with the FWHM values exceeding 1500 arc sec. The
narrowest (10.2) x-ray m-scan rocking curve measure so far for thin AIN
layer grown on sapphire had the FWHM of 310 arc sec with the FWHM
for the (002) peak of 177 arc sec. Currently, HVPE process for low
defect thin AIN layers on sapphire is under development.

Thick (> 5 microns) crack-free AIN layers were grown on 2-inch and
3-inch SiC and sapphire substrates by stress control HVPE method®'.
Thickness of grown AIN layers ranged from 1 to 20 microns for material
grown on sapphire and from 5 to 75 microns for material grown on SiC.
Both 6H- and 4H-SiC wafers were used as substrates. The layers were
deposited on (0001)Si face of SiC wafers and on (0001) c-plan of
sapphire wafers. Surface of AIN layers had characteristic pyramidal
relief with RMS roughness ranging from 20 to 70 nm. After polishing,
AIN surface had roughness less than 0.5 nm. The minimum FWHM
values for the (002) AIN w-scan x-ray rocking curves were about 250 arc
sec and 500 arc sec for layers grown on SiC and sapphire substrates,
respectively. Wet chemical etching of thick AIN layers grown on SiC
resulted in etch pit density ranging from mid 10’ cm™ to low 10®* cm™. 2-
inch diameter AIN free standing wafers were fabricated by removing SiC
substrate by reactive ion etching (Section 5).

3.6. AlGaN Layers

Initial results on HVPE grown AlGaN alloys were reported in the 70™*.
In that study Ga and Al were transported to a reaction zone as
subchlorides by passing HCI diluted with nitrogen gas over a mixed melt
of Ga and Al in a graphite boat. Sapphire substrates had the (21-31)
orientation resulted in (11-20) AlGaN films. Composition of the grown
layers was varied from 0 to 100 mol. % AIN by controlling Ga to Al ratio
in the source material. Cathodoluminescence and optical absorption of
grown materials were studied for entire composition range. Electrical
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Hydride Vapor Phase Epitaxy: III- Nitrides 17

properties of HVPE grown AlGaN alloy layers having AIN content up to
45 mol. % were studied” showing background electron carrier
concentration in the 10" ¢cm” range, which decreased as AIN content
increases. Recently, up to 75 um thick AlGaN layers were grown on
sapphire by HVPE using mixed Ga+Al sources.

To deposit AlGaN layers by HVPE we used separate Ga and Al
metal sources. The whole composition range of AlGaN alloys was
covered by controlling a ratio of aluminum and gallium chlorides partial
pressures in the growth zone (Fig. 17). Composition of AlGaN layers
was determined using x-ray diffraction data assuming that Vegard’s law
is valid. The experimental uncertainty in that determination of the
Al Ga; N composition was estimated to be x ~0.02. Composition for
grown alloy epitaxial layers was reasonably uniform across the wafer
(Fig. 18).

100 — T T T T ¢

80

60

40

AlGaN alloy composition,
AIN mole %

0 02 04 06 0.8 1
[Al)/[Ga]+[Al] ratio
in vapor phase

Fig. 17. Vapor phase-solid phase composition diagram for HVPE grown AlGaN alloys.

Best 2-inch wafers had standard deviation for AIN composition of
about 1 mole % of AIN. Typical thickness of crack-free AlGaN layers
grown on sapphire substrates ranged from 0.3 to 2 pym. The FWHM of
XRD rocking curves changes with AlIGaN composition attaining the
lowest values of 350 arcsec and 1400-1800 arcsec for the (00.2)
symmetric and the (10.2) asymmetric reflections, respectively for high
range of Al;Ga; N composition (0.65<x<0.85). Minimum estimated
screw and edge dislocation densities in AlGaN layers were <6x10° cm™
and <2x10” cm™, respectively. For undoped Al,Ga,.,N layers grown on
sapphire, background concentration Np-N, depended on alloy
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18 Dmitriev, Usikov

composition x. For x < 0.3, AlGaN layers show n-type conductivity and
concentration Np-Ny is in 10" - 10" em? ranges. Hall measurements
showed electron mobility of about 166 cm’V sec and electron
concentration of 9x10'" cm™ (300 K) for alloy having 18 mol. % of AIN.
For x values near 0.5 or larger, Al,Ga, N materials were almost
insulating and correct C-V measurements were not possible.

Peak Lambda nm
3316
3206
327.6
325.6
3236
321.6
319.6
317.6
3156

Fig. 18. Photoluminescent map for 2-inch AlGaN-on-sapphire epitaxial wafer. Standard
peak lambda deviation is 0.65%. Average AlGaN composition is about 16 AIN mole %
(courtesy of Accent Optical Technologies).

Normalized optical transmission spectra of crack-free HVPE-grown
Al,Ga 4N layers are shown in Fig. 16. The interference fringes appeared
on the transmission curves at the wavelengths longer than cut-off
wavelength indicate smooth surfaces of these AIGaN layers. At 265 nm
optical transmission of 71% and 73% was measured for Al;Ga, N layers
having composition of x~0.73 and x~0.78, respectively. Energy gap, E,,
obtained from transmission measurement found to correlate with the PL
peak position that can be ascribed to near-band-edge recombination in
the layer grown. The transmission and PL data are collected together in
Fig. 19 to plot optical band-gap energy of Al,Ga, N alloys as a function
of composition x (AIN mole fraction).

The E, values for undoped GaN layer defined from absorption and PL
measurements, corresponded well to each other within 10 meV
accuracy range, were equal to 3.41 eV. For AIN band-gap energy was
found to be 6.13 eV. Dotted line is linear interpolation between Egg.n
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Hydride Vapor Phase Epitaxy: III- Nitrides 19

(34 eV) and Egsn (6.1 eV). Solid line was calculated using
Eg=xEgan+(1-x)Egc.n-bx(1-x) equation with bowing parameter b=1.1
eV. Refractive index of AlGaN layers grown by HVPE was studied in
the Ref.”> Undoped AlGaN layers grown by HVPE on SiC substrates
were described in ref.’® *” Doping of AlGaN alloys grown by HVPE is
not investigated in details yet. The fact that AlGaN/AlGaN p-n
heterostructures are working as 300 nm UV light emitters® indicates that
p-type doping is possible at least up to 27 mol. % of AIN. We may
conclude that AIN and AlGaN epitaxial layers can be grown by HVPE
with a reasonable composition control and crystal quality. However,
HVPE growth of AlGaN and AIN layers is investigated much less than

HVPE growth of GaN.
7.0
6.0} »
rd
,."’f
3 5.0 i
> 5. »
ko] -t =
w .._,.w'
4.0 J,.m':/'v
3.0bL

00 02 04 06 08 1.0

AIN mole fraction

Fig. 19. Dependence of Al,Ga, N optical band gap on AIN mole fraction (x) derived
from room temperature photoluminescence (triangles) and optical transmission data
(circles).

3.7. InN and InGaN Layers

Results on HVPE growth of InN and InGaN materials are limited. The
first deposition process was performed more than 25 years ago when InN
epitaxial layers were grown using reaction between ammonia and InCl; *.
InCl; was synthesized in a separate experiments from In and Cl,. The
layers were deposited on sapphire and quartz substrates. Deposition rate
ranged from 1 to 8 um per hour depending on growth conditions. Source
temperature and substrate temperature were controlled from 200 to
600°C and from 450 to 700°C, respectively. The maximum growth rate
was observed at 600°C. Grown materials had n-type conductivity with
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20 Dmitriev, Usikov

electron concentration from 2x10*° cm™ to 8x10°' cm™ and mobility 35 —
50 cm?/V s.

Later several research teams reported HVPE growth of InN-
containing materials ***'. Thermodynamics of HVPE growth process for
InGaN layers was analysed in the Ref.*>. InN growth using InCl and
InCl; sources was reported.”** InGaN alloy layers were grown
employing InCl;, GaCl; and NH; sources.”” When InCI-NH; material
system was used, very low growth rate (<0.05 pum/hr) was observed. In
contrast, use of InCl;-NH; material source system resulted in InN growth
rate up to 0.3 wm/hr. The growth rate obtained at 750°C was about 0.2
wm/hr. The minimum FWHM value of x-ray rocking curve of about 24.7
arc min was measured for InN grown at 700°C.

Growth of InGaN thin films by HVPE was reported in ref.*. In that
work, separate sources of metal Ga and In were place in a single HCI gas
channel to form gallium and indium chlorides. The composition of alloy
InGaN layers was controlled by varying the ratio of the effective metal
surface areas in the range from 0.3 to 35 (In/Ga).

9

0.5 N +
1t 1ots 0 s 134!

Free electron concentration, n {cm?}

Fig. 20. The energy of the optical absorption edge as a function of the free electron
concentration48in InN material grown by different techniques (after J. Wu, W.
Walukiewicz ~ ). Position of TDI InN HVPE grown material is shown.

Recently, our team has reported novel results on HVPE growth of
InN materials and heterostructures.”” The growth was performed on 2-
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inch sapphire substrates and also on GaN/sapphire, AlN/sapphire, and
AlGaN/sapphire templates (Fig. 20). Growth temperature was varied
from 500 to 700°C. For continuous InN layers, thickness ranged from 0.3
to 2 microns. X-ray diffraction rocking curves measured using®-
scanning geometry for the (00.2) InN reflection had the FWHM of about
460 arc sec for continues InN layers.

It was observed that depending on growth conditions, InN materials
may be grown as continues layers or nano-size structures. The nano-
structures had shape of nano-rods or nano-wires with a typical diameter
of about 60 - 500 nm and length ranging from a few hundred nanometers
to a few microns (Fig. 21). Investigation of InN HVPE process and
materials is under way.

MSELS4T00 15,06\ 12.8mm x3

Fig. 21. SEM photographs of GaN nano wire (left) and nano-size InN structures (right)
grown on sapphire (courtesy of Dr. A. Davydov and Prof. S. Nikishin). Image width is
about 2 um for top picture and about 16 wm for bottom picture.

4. New Directions in HVPE Development

4.1. Large Area and Multi Wafer HVPE Growth

Novel HVPE growth equipment developed at TDI, Inc. allowed us to
grow GaN, AIN, and AlGaN layers and multi-layer structures on large
area (>2-inch) substrates, for the first time. GaN layers grown on 4-inch
sapphire substrates showed material parameters similar to that for 2-inch
diameter samples. Interestingly, undoped GaN layers grown on 4-inch
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sapphire showed some reduction of Np-N, concentration being in high
10" cm™ to low 10" cm™ range. Typical standard thickness deviation for
GaN layers grown on 4-inch substrates was about 5 %. Uniform n-type
doping was achieved for Si-doped GaN layers grown on 4-inch sapphire
with electrical resistivity uniformity better than 5 %. Recently, AIN and
GaN layers were successfully grown on 6-inch diameter Si and sapphire
substrates, respectively (Fig. 22). These results demonstrate ability of
HVPE process and equipment to handle large size epitaxial structures.

Fig. 22. Photoluminescence map for 6-inch GaN-on-sapphire epitaxial wafer (courtesy of
Accent Optical Technologies). Standard deviation of peak PL wavelength for the whole
wafer is 0.2 %.

Fig. 23. Thickness of seven AlGaN layers grown on 2-inch sapphire substrates in the
same HVPE process. The layer thickness was measured in the wafer centre.
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Hydride Vapor Phase Epitaxy: I1I- Nitrides 23

Another direction of the development of HVPE production
technology is design of multi wafer HVPE growth machines and
processes. Such machines existing for HVPE growth of other compound
semiconductor have not been developed for GaN materials until recently.
TDI, Inc. is developing and putting in operation HVPE machines with
large wafer capacity to reduce manufacturing cost. Novel HVPE
equipment is capable to carry out simultaneous growth seven 2-inch
(7x2") wafers (Fig. 23), or 3x3  wafers, or 2x4 wafers and further
scaling of the equipment and process is under way.

4.2. Multi-layer Structures

Fig. 24. SEM image of cleaved edge of multi layer AlGaN/GaN epitaxial structure grown
on sapphire substrate. Dark regions and light regions corresponds GaN and AlGaN layers,
respectively.

Multi layer HVPE growth of GaN-based structures has been used to
fabricate M-I-S light emitting structures in the 1970"™.* Recently, novel
avenue for nitride HVPE has been opened by the demonstration of
controllable growth of nm-thick layers and fabrication multi-layer
structures. Growth rate of GaN and AlGaN layers was controlled below 2
wm/hr making it possible to fabricate multi layer structures with sub-
micron layers. Equipment and process were modified to grow
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GalN/AlGaN heterostructures with sharp interfaces. One example of such
multi-layer AlIGaN/GaN is demonstrated in Fig. 24.

Thickness of different AlGaN and GaN layers in this structure was
controlled from about 20 to 260 nm and 50 — 250 nm, respectively, by
varying growth time for each layer.

1E+006
4 Al,,,GaN/Al, ,GaN/GaN/Al, ,,GaN/Al, ,,GaN/SiC
4 double confined heterostructure
—_
8
E Al
N
£
% 1 Ga
1E+005 T T T T T T
0 0.1 0.2 0.3 04 0.5 0.6 0.7

Depth (microns)

Fig. 25. SIMS element depth profiles for AlGaN/GaN/AlGaN double heterostructure
grown by HVPE on SiC substrate.”

SIMS depth analysis of another HVPE grown AlGaN/GaN/AlGaN
double heterostructure is given in Fig. 25. GaN well was of about 20 nm
thick. Stimulated emission under optical pumping conditions was
observed from this structure at room temperature at a wavelength of 370
nm with a threshold of about 540 kW/cm®.*’

4.3. P-n Junctions

Two-layer GaN pn-structures were fabricated by in-sifu p-type doping
during HVPE growth.” First, undoped GaN layer was grown directly on
6H-SiC substrate. Than Mg was introduced as an acceptor dopant to
grow p-type GaN layer. The Mg atomic concentration ranged for
different samples from 5x10" to 5x10° cm”. Mesa diodes with a
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vertical current flow geometry were formed by reactive ion etching.
Current-voltage and capacitance-voltage characteristics of the p-n diodes
indicating good rectifying properties were measured.
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Fig. 26. Temperature dependencies of hole mobility (top) and hole concentration
(bottom) measured for p-type GaN/AlGaN hetero structure with 2DHG.?' Triangles and
dots represent data measured at different locations on the sample.

The electroluminescence from the p-n diodes peaking at 420 nm was
detected. These results have demonstrated an ability of HVPE
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technology to form GaN-based structures for optoelectronic devices
(Section 5).

4.4. Structures with Two Dimensional Carrier Gas

Another example of multi layer structures grown by HVPE is
AlGaN/GaN heterostructures with two dimensional electron gas
(2DEG).” These structures were grown on sapphire substrates.
Thickness of GaN and AlGaN layers were 3 um and 25 nm, respectively.
AIN concentration in the alloy layers was about 25 mol. %. The
structures exhibited room temperature electron mobility of about 800
cm’/V sec at sheet charge density of about 1x10"7 cm™. At low
temperature electron mobility up to 4000 cm’/V sec was measured. For
p-type GaN/AlGaN structures formation of two dimensional hole gas
(2DHG) was also detected (Fig. 26).21 Hole mobility of 120 cm?/V sec at
hole concentration of 6x10" cm™ was measured at room temperature.
Investigation and further development of epitaxial structures containing
2DHG may substantially benefit fabrication of GaN-based bipolar
devices.

4.5. Nano Structures and Porous Materials

In this chapter we are focusing on continues epitaxial layers and
structures grown by HVPE. However, we would like to mention a
fabrication of nanowires and nano rods by HVPE. Recently, GaN’' and
InN*" nano structures (Fig. 21) have been demonstrated. Porous nano-
size GaN materials were grown from single crystal continues GaN layers
by wet anodization.” > GaN growth on porous substrates resulted in
stress and defect density reduction in grown epitaxial layers.”* The nano
size materials have an important meaning for future device applications.

Novel directions in group III nitride HVPE developments also include
epitaxial overgrowth experiments to reduce defect density and GaN
growth on non polar planes of sapphire substrates. However, these very
interesting areas are out of scope of this chapter.
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5. Applications of HVPE Grown Group III Nitride Materials

5.1. Substrate Applications

5.1.1. Template substrates

The idea of template substrate comprising thin (from 0.5 to 100 microns)
nitride layer on a foreign material, for example 10 um thick GaN on 2-
inch sapphire, has been discussed in numerous publications.” *
Template substrates provide native GaN (AIN or AlGaN) surface for
subsequent epitaxial growth. Buffer layer is not needed to form high
quality nitride epitaxial layer/structure on template substrates. Various
types of template substrates have been discuss in the literature include
(1) low defect from 5 to 20 um thick n-type GaN-on-sapphire templates
for high-power, high-brightness blue, green, and white LEDs, (2) p-type
GaN-on-sapphire templates, (3) UV transparent AlGaN-on-sapphire
templates for UV LEDs, (4) semi insulating i-GaN-on-sapphire templates
for electronic devices, and (5) AlN-on-sapphire and AIN-on-SiC
templates for high power high electron mobility transistors (HEMTs).
HVPE is a method of choice to fabricate template substrates due to high
growth rate, low defect density in grown materials, and relatively low
cost of the technology.

Growth of group III nitride materials on template substrates was
investigated using HVPE,”® MOCVD” and MBE® ®' techniques. Defect
density reduction and material quality improvements in homoepitaxial
GaN layers grown on GaN template substrates have been demonstrated.
* Template substrates have been successfully used for group III nitride
optoelectronic and electronic®>**® devices including blue LEDs on
GaN/SiC templates® and GaN/sapphire templates.”” Ultra violet (UV)
AlGaN-based LEDs have been fabricated on UV transparent
AlGaN/sapphire templates.® Laser diodes and high quality LEDs were
made on HVPE grown templates with low defect density reached due to
lateral overgrowth approach.” HVPE grown semi insulating
GalN/sapphire and AIN/SiC templates have been used as substrates for

[HI-NITRIDE SEMICONDUCTOR MATERIALS
© Imperial College Press
http://www.worldscibooks.com/engineering/p437.html



28 Dmitriev, Usikov

high frequency GaN-based HEMT devices.®® Fabrication of template
substrates by HVPE is technically and economically attractive due to
high deposition rate and relatively low defect density in thick HVPE
grown epitaxial layers. Definite advantage of template substrates is a
possibility to use large size initial substrate such as 4-inch sapphire or 6-
inch Si. The main technical challenges are relatively high defect density,
cracking and substantial bowing of template substrates containing thick
nitride layers. Some promising results on the bow control of AIN layers
grown by HVPE on foreign substrates have been recently achieved by
stress control HVPE method.”'

5.1.2. Free-standing substrates

30 mm diameter GaN free standing wafers have been reported in 1998."
Thick (up to 200 pm) GaN layers were grown by HVPE on 6H-SiC
substrates. The SiC substrate was removed by reactive ion etching
resulting in freestanding GaN wafer. These wafers exhibited very low
defect density measured by TEM. Dislocation density was 1x10" cm™
and 4x10° cm™ for material located at 10 microns away and 100 microns
away from GaN/SiC interface, respectively (Fig. 2)."” Free standing GaN
wafers have also been fabricated using HVPE growth of thick GaN
layers on sapphire,”” ”' LiGaO, substrates,”” and GaAs substrates.”
Typical dislocation density in GaN free standing wafers is in 10° - 10’
cm” range. These GaN materials exhibited record high electron
mobilities and very good optical properties. Properties of freestanding
GaN wafers and their applications are described in numerous
publications.*>®7+78

AIN? and AIGaN" freestanding wafers have also been reported. AIN
free standing wafers were fabricated using Si and SiC initial substrates.
Thick AIN layers were grown by HVPE and initial substrates were
removed after HVPE growth. Mechanicalgo, electricalgl, and structural®
properties of free standing AIN crystals have been reported. AIN
materials fabricated by HVPE wusing silicon initial substrates
demonstrated record high thermal conductivity of 3.3 WK'cm™ ** and
high electrical resistivity (>1011 Ohm cm, 300 K).81 However, due to
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significant lattice and thermal mismatch to initial Si substrate, dislocation
density in grown AIN layers exceeded 10° cm™ and corresponding x-ray
rocking curves were relatively wide, of about 40 arc min for the rocking
curves measured using ®-scanning geometry for the (0002) AIN reflex."
Recently, 2-inch diameter freestanding AIN wafers have been fabricated
using SiC initial substrates’’, which were removed by reactive ion
etching after HVPE deposition of thick AIN layers.

Free standing AlGaN waferwere fabricated by growing thick (up to
0.6 mm) undoped AlGaN layer on SiC substrate and subsequent removal
of the SiC substrate by reactive ion etching. AIN concentration in
fabricated AlGaN wafers was estimated of about 35 mol. %. The wafers
demonstrated n-type conductivity with electron concentration in the 10"
cm” range. Currently, free-standing technology is the only commercial
method to fabricate 2-inch GaN substrates with defect densities below
10" cm™. Laser diodes™ *and LEDs have been fabricated on GaN free
standing wafers.® High voltage M-I-M device structures were fabricated
using free standing AIN wafers.®' However, due to the fact that every
wafer is fabricated from a thick epitaxial layer grown on a foreign
substrate and, as a result, fabricated material is highly stressed and
contains defects originated by heteroepitaxial growth, this approach has
significant technical and economical limitations.

5.1.3. Bulk substrates

Recently HVPE-based bulk growth technologies were proposed to
fabricate bulk GaN and AIN crystals.*® The method involves growth of
GaN boule on GaN seed, boule slicing, and wafer polishing (Fig. 27).
High quality GaN homoepitaxial layers (Fig. 28) with defect density in
the 10° cm™ range and blue LEDs were fabricated on bulk GaN wafers.
Although the bulk approach has very good potential for cost effective
manufacturing of low defect large size GaN substrates, current size of
demonstrated GaN boule is small and substantial development for this
technology is needed. Bulk GaN technology based on HVPE approach is
under development at several organizations.®” *

Bulk AIN substrates were fabricated from AIN boules grown by a
vapor transport technique based on HVPE technology.” AIN wafers up

[HI-NITRIDE SEMICONDUCTOR MATERIALS
© Imperial College Press
http://www.worldscibooks.com/engineering/p437.html



30 Dmitriev, Usikov

to 1.75-inch diameter were sliced from single crystal AIN boules.
Specific resistivity of the AIN bulk material was evaluated in the
temperature range from 250 to 650 K. Material electrical resistivity
exceeds 10® Ohm cm at room temperature and 10° Ohm cm at 500 K.

<+— slicing wire

Fig. 27. Photo of 35 mm diameter GaN boule under diamond wire slicing. The boule was
grown by modified HVPE technology at TDI, Inc.
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Fig. 28. PL spectra for 2 um thick GaN homoepitaxial layer grown by HVPE on bulk
GaN substrate (courtesy of Dr. J. Freitas, Jr.). The FWHM of the PL peak is below 0.5
meV.

True bulk technical approach involving boule growth on a native
seed has substantial potential for material quality improvement by
selecting the best quality seed for each subsequent growth run. However,
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many technical issues, including relatively low growth rate and long-
term process and equipment instability, have to be resolved before this
technique will be commercially valuable.

5.2. Device Applications

Multi layer structures grown by HVPE were used for the fabrication of
several types of GaN-based devices including -electronic and
optoelectronic devices, HEMTs” and LEDs.”" °* * % For all these
devices, the whole device epitaxial structure was grown by HVPE
technology.

Transistors were fabricated based on AlGaN/Ga epitaxial
structures grown by HVPE. The HEMT structure consisted of a 2 um
thick undoped GaN layer grown on sapphire, followed by a 30 nm thick
Aly,Gag 7N layer. Fabricated devices with 1 um gate length showed
transconuctances in excess of 110 mS/mm and drain-source current
above 0.6 A/mm. A current gain cut-off frequency, f;, of 11.5 GHz and a
maximum frequency of oscillation, f,, of 20.5 GHz were achieved for
1x100 um* device at a gate voltage of 0 V and drain voltage of 2 V (Fig.
29).”
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Fig. 29. RF frequency response of a 1x100 um® gate dimension HVPE AlGaN/GaN
HEMT measured at Vo, =0V and V4, =3 v,

Blue,” ultra violet (Fig. 30),38’93 and white LEDs were fabricated
based on AlGaN/GaN and AlGaN/AlGaN p-n heterostructures grown by
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HVPE. Peak wavelength for HVPE blue LEDs ranged from 415 to 420
nm. Packaged LEDs had output power and external efficiency up to 1.4
mW and 2.5 %, respectively. These numbers represent highest external
efficiency reported for In-free LED structures emitting in the blue-violet
spectral region. Recently, HVPE grown blue LEDs have been used for
sign fabrication .”°
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Fig. 30. EL spectra at various currents measured for AlGaN/AlGaN double

heterostructure UV LED grown on sapphire by HVPE at TDI, Inc. Peak emission is at
331 nm.

AlGaN/AlGaN double heterostructures for UV LED were grown by
HVPE on sapphire substrates. Peak wavelength for HVPE grown UV
LEDs was controlled from 300 to 350 nm by varying AIN content in the
light-emitting region. For packaged 340 nm LED (Fig. 28) 2 mW output
power was measured at 110 mA pulsed current.*®

6. Conclusions

The technology of group III nitride epitaxy and bulk growth has shown
grate progress in the last decade. It appears that HVPE is the current
choice of technology for GaN and AIN substrate materials including
template, free standing, and bulk substrates. Resent demonstration of 6-
inch GaN and AIN HVPE technology and multi wafer growth HVPE
equipment are important steps toward large area low cost substrate
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materials. However, defect densities are still higher than 10° cm™ and
growth rate itself is below 1 mm/hr required for true bulk crystal growth.

New achievements in the HVPE field include fabrication of HVPE
grown multi layer device structures with sharp interfaces, LEDs and
HEMTs. The technology progressing very rapidly and we expect
dramatic progress to be achieved in a few years in both scientific and
industrial aspects of group III nitride HVPE technology.
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