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IMPURITY CONTAMINATION OF GaN EPITAXIAL FILMS FROM THE
SAPPHIRE, SiC AND ZnO SUBSTRATES

Galina Popovici *, Wook Kim *, Andrei Botchkarev *, Haipeng Tang * James Solomon **
and Hadis Morkog *+

* University of University of Illinois at Urbana-Champaign, Coordinated Science
Laboratory, 1101 West Springfield Avenue, Urbana, IL 61801

** Dayton Research Institute, Dayton, OH 45469-0167

*On leave at Wright Laboratory Wright Patterson AFB under a URRP program funded by

AFOSR
ABSTRACT

Likely contamination of GaN films by impurities emanating from Al,O;, SiC and ZnO
substrates during growth has been studied by secondary ion mass spectrometry analysis. The
highly defective interfacial region allows impurities to incorporate more readily as compared_to
the equilibrium solubility in a perfect crystal at a given temperature as evidenced by increased
impurity levels in that region as detected by SIMS. The SIMS measurements in GaN layers
grown on SiC and sapphire showed large amounts of Si and O, respectively, within a region
wider than the highly disordered interfacial region pointing to the possibility of impurity
diffusion at growth temperatures. The qualitative trend observed is fairly clear and significant.
These observations underscores the necessity for developing GaN and/or AIN substrates.

INTRODUCTION

Wide band gap semiconductor materials extend the applications of semiconductors outside
the realm of classical semiconductors such as Si and GaAs. [1-3] The large band gap, high
thermal conductivity, and chemical inertness of nitrides pave the way for high
power/temperature operation and light emission in green, blue and ultraviolet region of the
spectrum. Of particular interest is the steady development of GaN technology in the last years,
culminating in the demonstration of efficient green and blue light emitting diodes, and violet
lasers.[4]

In spite of the rapid development many problems remain. The lack of an ideal substrate
presents a major problem in GaN growth. Because of the high decomposition nitrogen pressure
of GaN, no conventional crystal growth method can be employed to obtain bulk GaN crystals.
Despite steady progress, GaN crystals grown from Ga solution under high pressure are not yet
being produced in quantities needed, causing the growth efforts to heteroepitaxy on a variety of
substrates, such as sapphire (Al,Os) [5], 6H-SiC [6], Si [7], GaAs [8], ZnO [9] and others,
among which sapphire is the most widely employed one. Despite the poor lattice and thermal
match, the best material grown today is on sapphire substrates. The preference towards
sapphire substrates can be attributed to their ease of availability, hexagonal symmetry, and
minimal pre-growth cleaning requirements. Sapphire is stable at high temperatures (~ 1000 °C)
required for epitaxial growth by vapor phase techniques. SiC (mismatch -3.4%) and ZnO
(mismatch 2.0%) appear promising due to better lattice match compared to sapphire (mismatch
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-13%). ZnO has the best lattice match, but it decomposes at typical growth temperatures
employed. Use of substrates other than GaN presents not only the inconvenience of the lattice
and thermal mismatch, but also a possibility of unintentional contamination from the substrate
during growth. While the influence of thermal and lattice mismatch from different substrates on
GaN crystal structure and defect content have been studied extensively, possible contamination
of GaN films by substrates during growth has not gotten much attention In this paper,
contamination of GaN films by impurity out-diffusion from AlLO;, SiC and ZnO substrates
during growth will be discussed. We show that the substrate may be a source of considerable
contamination of the grown layer.

EXPERIMENTAL

GaN films were grown by reactive molecular beam (RMBE) details of which have been
described elsewhere.[10] The temperature of the ammonia injector was kept at 300 C. Two
tandem Nanochem ammonia purifiers were utilized to reduce the oxygen level in ammonia.
Basal plane sapphire substrates were degreased with organic solvents, and etched in a hot
solution of H,SO,4 and H3PO, (H,SO4: H;PO, = 3:1) for 20 min. They were then rinsed with
deionized(DI) water and blow dried with filtered nitrogen. Molten indium was then used to
mount the sapphire substrates on Si templates mounted on molybdenum blocks with high purity
carbon screws. Once in the growth chamber, nitridation was performed by exposing the
sapphire substrate to an ammonia flux of 16 sccm for 1 min. at 850 °C. This nitridation
condition was chosen as it provides the smoothest sapphire surface morphology. Growth
temperature for both AIN buffer layer and GaN film was 800 °C. The thickness of the AIN
buffer layers was 60 ~ 80 nm. The growth rate employed was about 0.7 pmvhr.

The depth profile of impurities along the growth direction was obtained by secondary ion
mass spectroscopy(SIMS) performed using a CAMECA IMS-4f double focusing ion
microanalyzer configured for cesium primary ion bombardment. The quantification of elemental
concentration for this instrument was done by using relative sensitivity factors (RSFs) derived
from the analysis of a GaN standard with known doses of impurity implants. The SIMS data near
the surface (tens of nm) are in the limits of equilibration distance and should be disregarded. In
addition, analyses were performed with 12kV oxygen and 10kV cesium with a quadrupole based
instrument. No standards were available for quantification for this instrument.

RESULT AND DISCUSSIONS

Fig. 1 shows the SIMS depth profiles of impurities for the GaN layer grown on SiC. AIN
buffer layer was used. One can see that Si is present near the interfacial layer, up to
approximately 1/3 of the thickness, diffusing from the substrate. Moreover, concentration of
oxygen and hydrogen is larger in this region as compared to the rest of the layer. O
incorporates in the film from two sources: from the buffer layer and from the gas phase. H
enters from the gas phase since ammonia is used as the nitrogen source. Al, Si and Ga profiles
for the same sample, measured with the quadrupole instrument are shown in Fig. 2. These data
are not quantitative, but a qualitative trend is clearly seen: Again, one can see that the
concentrations of Al and Si are larger near the interface.
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Fig.1. The SIMS profile for Ga, Si, O, and H for the sample Fig. 2. The SIMS profile for Ga, Si, and Al
Grown on 6H-SiC. SIMS profiles were measured with a for the same sample as in Fig. 1 measured
CAMECA IMS-4f double focusing ion microanalyzer. with a quadrupole based instrument.

The data for Si are not quantitative. The data are not quantitative.

Table I. Growth condition and the contamination depth of O, Si and Zn from AlLO;, SiC
and ZnO substrates in the GaN films All samples were grown on AIN buffer layer.

Sample # Substrate | Taubsrae | Growth Sample Measur. Contam.
(°C) time (h) thickness (um) | Impurity | depth (um)

5465 Sapphire 800 2 25 Al 0.6
5536 Sapphire 793 2 0.8 (0] 0.30
5553 Sapphire 795 6 3.0 o 1.0
5554 Sapphire 800 6 3.0 0] 1.0
5602 Sapphire 800 5 3.0 Al 1.0

0 1.0
5550 SiC 810 6 2.0 Si 0.9

Al 0.6
5518 ZnO 800 2 1.05 Zn 0.2

0] 0.2

It is well known that the présence of defects especially extended defects like dislocations, grain
and twin boundaries, stacking faults and boundaries of the inversion domains enhance diffusion
of impurities. The TEM studies of GaN films show that the region near the interface has the
highest defect density compared to the region near the surface.[11-12] Therefore, one can
expect that the amount of the impurities near the interface to be higher than it is permited by the
solubility limit of the perfect crystal.

The depth of contaminated layer depends on growth time as one can see from the Table I.
From Table I it can be seen that the larger growth times result in larger impurities depths. The
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latter can be due to diffusion, since the thickness of the defective near-interface layer is set by
lattice and thermal mismatch of the layer and substrate and should not significantly depend on
the growth time, if the growth conditions are the same.

The results on contamination of the GaN layer from the substrate points to two stringent
problems which hinder III-N research:

1. Lack of GaN substrates for the growth of GaN based devices.

2. Frequently in the existing literature, different deep levels are assigned to native defects,
without taking into account contaminants, which could be responsible for deep levels as well.

CONCLUSIONS

The interfacial GaN layer near the substrate is contaminated during growth by the impurities
from the substrate. The thickness of the contaminated layer is larger for longer growths.
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RELIABLE, REPRODUCIBLE AND EFFICIENT MOCVD OF II-NITRIDES IN
PRODUCTION SCALE REACTORS

B. Wachtendorf, R. Beccard, D. Schmitz and H. Jirgensen

AIXTRON GmbH, Kackertstr. 15-17, D-52072 Aachen, Germany

O. Schén, M. Heuken

Institut fur Halbleitertechnik I, RWTH Aachen, , Sommerfeldstr. 24, D-52074 Aachen, Germany
E. Woelk

AIXTRON Inc., 1569 Barclay Blvd., Buffalo Grove, IL 60089, U.S.A.

ABSTRACT

In this paper we present a class of MOCVD reactors with loading capacities up to seven 2"
wafers, designed for the mass production of LED structures.

Our processes yield device quality GaN with excellent PL uniformities better than 1 nm across a
2" wafer and thickness uniformities typically better than 2%.

We also present full 2" wafer mapping data, High Resolution Photoluminescence Wafer Scan-
ning and sheet resistivity mapping, revealing the excellent composition uniformity of the nitride
compounds InGaN and AlGaN. As well we will show sheet resistivity uniformity for Si-doped
GaN and Mg-doped GaN.

INTRODUCTION

The worldwide demand for
Ultra-High-Brightness blue and
green LEDs has driven the
development of MOCVD for
Al-Ga-In-N alloy systems to-
wards  efficient —multiwafer
technology. We  developed
MOCYVD reactors with loading
capacities up to seven 2" wa-
fers. The layers grown in these
machines show excellent re-
producibility from wafer to
wafer and from run to run. The
reactor design produces mate-
rial with abrupt interfaces, even
when using different substrates

like AIZO3, SIC, Si. As a stan- ;,_m:marlinsulf:lor
. . induction coll
dard tool for characterization 3. radially acjustable pyromeler
. 4. susceplor assembly with satelile disks
we use non-destructive wafer 5. electric molar for main fotation
. . 6. ferrofluidic feedthrough
Wi lod lid
top.og.raphy, which is used t,o ;g:slaéuc:noeclorblock
- . 1l
optimize the process for uni e W
formity and yield. 11, process gas exhaust

Fig. 1: cross section of the AIX2000HT Planetary Reactor
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MOCVD REACTOR SYSTEMS

Key features of all the reactors are: Flexibility in the choice of the carrier gas in each single step
of the structures, extremely low thermal mass allowing quick adjustment of different growth tem-
peratures for each layer and real two-flow injection of the group III and group V reactants to
minimize undesired prereactions. This also allows the process to be easily adapted from one ma-
chine to another.

Fig. 1 shows the 1400°C
cross section of the o
AIX2000 HT satellite disk number
Planetary Reactor. 1 2 3 4 5 6 7 1
The susceptor is —_—————— — e,
heated by induction -1%}’ 1300°C

from the RF-coil
which can be ad-
justed in height for
the achievement of
uniform  tempera-
ture profiles. The
low thermal mass of the susceptor allows steep cooling and heating ramps of about 5°C/s for the
different process-steps. Like all AIXTRON reactors, the AIX2000HT is equipped with Gas Foil
Rotation technology for the rotation of each substrate in addition to the rotation of the complete
susceptor.

As it is well known that the nitride process is most sensitive to temperature fluctuations, special
care was taken to design the coil in such a way that temperature gradients in the satellites are
avoided. A pyrometer, which is mounted at the top of the reactor allows the continuous monitor-
ing of the temperature through a purged viewport which can be used also for other in-situ meas-
urement techniques like reflectivity based growth-rate determination. Fig. 2 shows a temperature
measurement of a rotating planetary
disk, with one SxC-\yafer inside as0 a fvg. Thickness 1 2441.9 nm
marker. This wafer is approx. 25°C Std Deviatlon i 18.2 hm
colder as the empty satellites, so we can
conclude that the temperature profile is 53.00+
better than 1°C within a 2" wafer.

The MOCVD process is also designed to
ensure maximum reliability and repro-
ducibility. In particular, the initial

Fig. 2: temperature measurement of a planetary disk

deposition steps, which are commonly (n:{ )
known to have a great influence on the "
layer quality have been optimized.
RESULTS
© T

The standard tool for characterization is
non-destructive wafer topography. It
combines RT-PL-mapping, sheet resis-
tivity mapping and also mapping of the
layer thickness by white-light reflec-
trometry.

(%) X Cmm) 52.00

Fig.3: Thickness map of a GaN layer
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This method has the following advantages:
e The characterization of the wafer is

non-destructive, therefore it is not Avs. 02372%?2§th asg: 825 o
necessary to sacrifice wafers for char-
acterization.
e The measurement is fast. No contacts
or metallization are needed for thick- 56.00

ness measurements or sheet resistivity

mapping, which correspond to the

doping profile. This means it is pos-

sible to receive fast feedback before

device processing. Y |
e The measurement is full automated (mm)

and easy to use.

Our standard process for the growth of
undoped GaN starts with a desorption
step at elevated temperatures. After this 0 . . . ; -

a low-temperature GaN-nucleation layer 0 X (mm) 54.00
is grown which will be annealed at high
temperatures again. The GaN layer is
grown on this nucleation layer. Depend-
ing on the parameters during nucleation
and growth the material quality can be adjusted in a way that either background carrier concen-
trations below 1x10"7cm™ are achieved or the layers are highly resistive.

Using the method of wafer mapping for characterization, we optimized the process in term of
homogeneity and composition. Fig. 3 shows a thickness map of a very uniform GaN-layer. The
standard deviation is below 0.8%,

Fig. 4: Peak wavelength map of undoped GaN

: : Number of points : 25
Wh1Ch 1S one Of the PeSt results. ever Average measurement : 15.06 ohm/sq.
reported for a full 2"-wafer. With an Max. value : 1543 ohm/sq.
. Min. value : 14.59 ohm/sq.
edge exclusion of 3mm the standard Variation in measurcment : 5.556 %
deviation is even better than 0.5%. The Std. dev. from average :  0.25 ohm/sq.
Uniformity of wafer : 166 %

RT-PL map of this layer shows that
the emission is very uniform across the
full 2"-wafer (Fig. 4), the standard de-
viation of the peak wavelength is only
0.07nm, mostly due to noise.

Our processes yield doping uniformi-
ties better than 5% for Si-doping and
better than 20% for Mg-doping. This
can be verified with Hall-
measurements, but this is a destructive
method. It also takes some time to
provide contacts, especially to the p- S
type material. For this reason we per-
form wafer mappings of sheet resistiv-
ity, which is directly related to the

Fig. 5: sheet resistivity map of a Si:GaN-layer
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doping level, taking the thickness uniformity into account. Fig. 5. shows the sheet resistivity map
of a Si-doped GaN-layer. The standard deviation of the sheet resistivity is better than 2%. If we
assume that the electron mobility is the same across the wafer, we can conclude that the doping
level shows a uniformity better than 2% on the full wafer. The corresponding PL-Map shows a

peak wavelength uniformity better than
0.25nm (Fig. 6).

For Mg-doping the sheet resistivity map
shows a uniformity better than 20% after
thermal activation of the holes (Fig. 7).
This value is not as good as that for Si-
doping because of interface effects be-
tween the GaN-buffer and the doped film
and because of the more difficult thermal
activation process of the holes.

InGaN MQW serves to adjust the wave-
length of an LED. So the accurate ad-
justment of the concentration and PL-
intensity distribution of InGaN are of ma-
jor importance. Fig. 8 shows the peak
wavelength distribution of a bulk InGaN-
layer. The ultra high homogeneity in com-
position is reflected in the small standard
deviation of the peak wavelength less than
0.75nm. The PL-intensity map of the same
layer shows an intensity distribution in the
range of 10% (Fig. 9). Both values fully
meet the requirements of LED mass pro-
duction.

The same applies to AlGaN-layers.The
production grade uniformity of the Al-
GaN-composition is shown in Fig. 10,
where the PL peak wavelength map is
shown. The standard deviation of the
average wavelength is of about 0.25nm,
which meets all the requirements for the
mass production of devices.

CONCLUSION

A new class of MOCVD reactors for the
mass production of GaN-based optoelec-
tronic devices was presented. We also
presented uniformity data for doped and
undoped GaN-layers as well as for the
ternary alloys InGaN and AlGaN. It was
proven that the material quality is opti-
mized for the production standards. The
advantages of non-destructive wafer to-

(mm)

50

404

304

204

=
T T T T T
0 10 20 30 40 50
Wavelength - Average : 362.98 nm
-Std.Dev.: 023 nm
-Median :363.00 nm
-10% $ 36280 nm

-90 % : 363.20

Fig. 6: RT-PL peak wavelength of a Si:GaN-layer

Number of points

Average measurement

Max. value
Min. value

Variation in measurement :

Std. dev. from average

Uniformity of wafer

: 25
i, 7871,
1 9878.
: 5824,
51.501 %
: 1260.23 ohm/sq.

ohm/sq.
ohm/sq.
ohm/sq.

: 16.01 %

Fig. 7: Sheet resistivity map of a Mg-doped GaN layer

pography for statistical process control and also for process optimization were shown.
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